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ABSTRACT 
 
 
Laboratories around the world use histological grading tools to provide the most 
detailed morphological information of articular cartilage degeneration. While these 
are well-established methods for research based laboratory assessment, they are 
impractical for non-destructive, real-time surgical use, since they require biopsy, and 
time consuming histological preparation. This thesis presents a first scientific step to 
demonstrate a potential framework for extending histological grading for real-time, 
non-biopsy assessment of cartilage degeneration using near infrared spectroscopy, in 
an effort to test the hypothesis that histological grading systems can be adapted for 
treatment by relating regions of the NIR absorption spectrum of human articular 
cartilage to histological parameters, to move them from the current position of purely 
laboratory application. It constitutes the first attempt at relating individual 
histological parameters and near infrared spectroscopy in the characterization and 
assessment of human articular cartilage. Furthermore, it demonstrates the potential of 
laboratory based histological grading methods to be exploited by utilizing the 
individual parametric scores. Finally, it is proposed in this thesis that a viable way to 
include the effect of collagen network degeneration in histological and clinical 
iv 
 
grading systems is by establishing a score for the development of pannus that is 
validated for the first time here by second harmonic generation imaging to be 
directly linked to degenerative collagen fibril aggregation. It is anticipated that this 
work provides a potential framework to enhance the evaluation of articular cartilage 
for cataloguing, research, exchange of data, and treatment of cartilage related 
diseases of the joint 
 
All animal surgical procedures were reviewed and approved by the University of 
Calgary Animal Care Committee and complied with the guidelines of the Canadian 
Council on Animal Care. Ethics approval for the use of human tissue was granted by 
The Prince Charles Hospital Human Research Ethics Committee, protocol number 
EC2310, version 1.1. Institutional ethics approval was given by consenting patients 
undergoing total knee replacement surgery (1 female aged 89 and 1 male aged 69), 
and from one deceased tissue donor (1 male aged 79). 
 
The research has led to the publication of 1 journal article to date, with many more 
submitted to journals or near completion: 
 
MOODY, H. R., HEARD, B. J., FRANK, C. B., SHRIVE, N. G. & OLOYEDE, A. 
O. 2012. Investigating the potential value of individual parameters of 
histological systems in a sheep model of cartilage damage: the Modified 
Mankin method. Journal of Anatomy, 221, 47-54. 
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1 Introduction 
 
The prevalence of arthritis is projected to increase from four million to seven million 
Australians by 2050 (Arthritis Australia, 2011). Of these, osteoarthritis (OA) is 
projected to increase from three million Australians to as many as one in four people 
by 2040 without immediate intervention (Arthritis Australia, 2012).  
 
In an effort to decrease the burden of this degenerative condition OA research is 
largely aimed at improving the assessment, diagnosis and treatment of cartilage 
degeneration, repair and failed repair. However, a major hurdle with this is the large 
variation observed in cartilage in health and degeneration. It is anticipated that this 
could be overcome with the use of a non-biopsy tool at the time of arthroscopy, 
capable of assessing various forms of degeneration. This information could then be 
uploaded and shared in an Open Science medium, creating a database of information 
about cartilage health and degeneration that could aid in determination of 
commonalities, differences and peculiarities in cartilage health across different 
genealogical and cultural groups. Currently there is no such non-biopsy tool capable 
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of providing detailed information about the morphological health of articular 
cartilage. 
 
Histological assessment tools provide the most thorough examination of internal 
structural and physiological health of cartilage for research based laboratory 
assessment. Methods including the Collins (Collins and McElligott, 1960), Mankin 
(Mankin et al., 1971), and OARSI grading (Pritzker et al., 2006), are considered the 
Gold standard of cartilage morphological health, based on changes observed to the 
matrix and cells. Since the late 1960’s, researchers have assigned scores to 
histological changes for the purpose of analyzing results, and sharing and comparing 
results between laboratories worldwide. While these well-established methods are 
excellent laboratory and research tools, they are impractical for non-destructive, real-
time surgical use, since they require destructive biopsy, and time consuming 
histological preparation. Furthermore, current histological grading systems do not 
differentiate variations in cartilage degeneration as fibrillation, proteoglycan loss or 
cellular changes; and do not include a grading score for collagen degradation, 
limiting the opportunity for identifying different conditions of degeneration if they 
were to be adapted for surgical assessment and treatment. 
 
Clinical evaluation of cartilage deterioration is commonly assessed through X-ray, 
MRI, and arthroscopic examination. These methods are sensitive to late stage OA 
manifestations including joint space narrowing, osteophytes, and extensive 
fibrillation. However X-ray and MRI are not designed for use during surgery, and 
arthroscopy remains superficial and subjective. Furthermore, there is limited 
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capacity to repair severely damaged cartilage. A surgical assessment tool capable of 
identifying early cartilage degeneration, and determining the spread of cartilage 
damage surrounding an area of focal defect in all compartments, is not currently 
available, but is important for future developments in treatment options. Near 
Infrared (NIR) spectroscopy provides this possibility. NIR is a fast, non-destructive 
method, and easily adaptable for arthroscopic inspection and treatment, that is still 
undergoing development for application in the assessment of biological tissues to 
provide information on structural composition and organisation. Recently, NIR 
spectral data have been shown to correlate to cartilage thickness (Afara et al., 
2013a), cartilage reswelling following unloading, which may assist in early detection 
of OA (Afara et al., 2013b), changes in mechanical stiffness (Spahn et al., 2008), 
proteoglycan composition (Brown et al., 2009b), water content (Spahn et al., 2007), 
and total Mankin histological grading score (Spahn et al., 2008, Ambekar et al., 
2012).  
 
This thesis specifically addresses the scientific question of whether it is possible to 
adapt histological grading for non-destructive/non-biopsy, real-time assessment of 
cartilage health. It is hypothesized that grading systems can be adapted for treatment 
by relating regions of the NIR absorption spectra of human articular cartilage to 
histological parameters, to move them from the current position of purely laboratory 
applications. The philosophical aim of this work is, therefore, to determine whether 
or not histological grading can be adapted for cataloguing, research, exchange of 
data, and treatment of cartilage-related diseases of the joint, and if demonstrated, 
how this can be optimized for a higher degree of confidence in the protocol (Figure 
1). 
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Figure 1 Overview of the philosophical aim of this thesis 
 
 
The aim of this thesis was achieved through a critical review of the literature 
(Chapter 2). The following objectives were defined as (Figure 2): 
 Re-evaluate the Modified Mankin grading system with specific and detailed 
analysis of individual histological parameters/components of the grading 
system (Chapter 4) 
 Relate NIR absorption spectra of human articular cartilage to histological 
parameters (Chapter 5) 
 Develop new parameter capable of evaluating histological signs of collagen 
disorganization (through appearance of a pannus-like tissue)  (Chapter 6) 
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 Re-categorize NIR absorption spectra of human articular cartilage to 
histological parameters with the addition of a collagen disorganization 
(pannus) parameter (Chapter 7) 
 Demonstrate the application of the new histological assessment and NIR 
spectroscopy assessment of cartilage (Chapter 8) 
 
 
Figure 2 Overview of the objectives of this thesis 
 
The expected outcomes from this research are: 
 Greater details on the morphology of cartilage degeneration by utilizing 
the individual histological parametric scores in a composite grading 
system using animal models 
 A new parameter for the structural integrity of the collagen network 
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 Relating histology and NIR spectroscopy for the characterization and 
assessment of human articular cartilage  
 Potential framework to enhance the evaluation of articular cartilage for 
cataloguing, research, exchange of data, and treatment of cartilage related 
diseases of the joint. 
 
The approach of this thesis provides a framework from which the detailed structural 
and physiological state of cartilage, obtained through histological grading, could be 
adapted without using the histological process. The goal is not to eliminate 
histological grading, as it provides the most detailed assessment of morphological 
health of cartilage. Instead this thesis explores how histology could be adapted for 
application in a clinical setting. It is anticipated that NIR can provide this potential.  
 
By utilizing the individual parametric scores in a composite grading system, greater 
details of cartilage degeneration could be obtained, leading to an important 
resolution of differentiating various conditions of degeneration. It is anticipated that 
this situation would have a significant consequence on the choice of treatment 
method in the era of increasing innovations in surgical treatment of joint diseases.  
 
By retaining the ‘gold standard’ total score Mankin method, while also containing 
the additional details to allow for greater detection of change in cartilage health 
proposed in this work, this extension of a well-established grading system that is 
already familiar to practitioners, with its fast software facilitated platform, would 
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enable the collections of data from opened joints at surgery. This could lead to 
databases that could be shared and used for knowledge management in the health 
care and health budget planning sectors. Furthermore, it could potentially lead to a 
rich source of research material for studying cartilage health and degeneration that 
could aid in determination of commonalities, differences and peculiarities in 
cartilage health across different genealogical and cultural groups. This would expand 
the concept of the original Mankin histological grading method for information 
sharing.  
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2 Literature Review 
 
2.1 Introduction 
Histological grading provides the most detailed assessment of cartilage morphology 
allowing cartilage health to be compared within and between different research 
groups. However research input is the extent of histological grading at this point in 
time due to the destructive and time consuming nature of the technique, and the 
subjectivity and non-linearity of these grading systems. The philosophical aim of this 
work is to demonstrate the potential of improving and adapting histological grading 
of cartilage degeneration that could form the basis of an assessment method to 
provide clinicians with a tool that operates as a non-biopsy/non-destructive, real-time 
assessment of cartilage health. Such a tool could aid in decision making around 
visible focal defects, and further, enable the cataloguing of conditions of various 
compartments within the joint for knowledge database.  
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In order to demonstrate the potential of adapting histological grading, we must first 
examine the literature to determine:  
2.2 What are the morphological characteristics of cartilage health, repair 
and degeneration 
2.3 What models of cartilage injury are appropriate for describing a large 
range of ‘healthy’ and degraded cartilage  
2.4 Can current histological grading methods capture the range of the 
manifestations of cartilage degradation  
2.5 What scientific methods and tools can be used to potentially 
characterize this range of manifestations of degradation 
 
In order to address these questions, certain steps have to be taken, and experimental 
and analytical studies need to be performed. A critical review of the literature in the 
areas of articular cartilage and related animal modeling, histological grading 
systems, and clinical assessment methods, will provide the important interlinkages 
that are required for a detailed understanding of the scientific discussions in this area 
and an appraisal of existing grading systems and their suitability or otherwise for 
treatment applications. 
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2.2 Articular cartilage morphology 
Articular cartilage forms a soft translucent covering over the ends of articulating 
bones in the synovial joint of mammals. This thin layer of tissue provides almost a 
lifetime of near frictionless movement between joints, transmitting and dissipating 
large impact loads encountered on a daily basis. This mechanical stimulation is 
required for the development and homeostasis of healthy cartilage, regulated by 
specialized cells termed chondrocytes (Thibault et al., 2002). The function of 
articular cartilage depends on the relationship between the chondrocytes and the 
matrix constituents, consisting of an intricate weave of type II collagen fibrils that 
form a meshwork that binds to and entraps the water binding proteoglycans (Figure 
3). This forms a gel like water filled rigid structure able to withstand shear, 
compressive and tensile forces. The chondrocytes are organised throughout the 
matrix, and are responsible for the synthesis of the matrix, and the matrix in turn 
maintains the homeostasis of the cell’s environment.  
 
Figure 3  3D graphic representation of the entwined cartilage matrix and chondrocytes 
(Bergman, 2010) 
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The chondrocyte is surrounded by a pericellular matrix (PCM) (Figure 4), which 
appears to play an important role in governing the local mechanical environment of 
chondrocytes. Shape, size and biomechanical properties of the PCM are suggested to 
significantly influence stress-strain and the fluid flow environment of the cell (Youn 
et al., 2006). The PCM may house single chondrocytes, or multiple cells, depending 
upon the vertical depth or ‘zone’ at which the chondrocyte is located (Poole, 1997).  
 
Chondrocytes are typically described as single, flattened cells, aligned parallel to the 
surface in the superficial zone. As the depth increases, the cells are larger, more 
circular in shape and fewer in number, and aligned perpendicular to the bone, often 
occurring in groups of 2 to 7 cells within each PCM (Meachim and Stockwell, 
1973b). More recently, chondrocytes have been shown to display distinct patterns in 
spatial organisation of chondrocyte grouping, correlated to location. Quinn et al 
(2005) examined chondrocyte and matrix morphology in articular cartilage and 
found no significant variation in the number of chondrocytes per chondron in the 
knee, with only a slightly elevated level in the radial zone of the lateral tibial plateau. 
Rolauffs et al (2008) conducted further studies on the patterns in the spatial 
organisation of superficial zone chondrocytes and observed specific patterns in 
chondrocyte grouping, correlated with specific diarthrodial joint types. These authors 
further showed that each articular joint surface was dominated by only one of four 
distinct cellular patterns.  
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Chondrocytes were originally thought to function as singular centres for cellular 
homeostasis, working independently of neighboring cells, however Chi et al (2004), 
showed that some cells in the superficial zone were paired, while others remained 
solitary. They observed dye passing between paired cells, able to be inhibited by a 
gap junction blocker, illustrating the possibility for rapid cellular communication 
between cells. This communication occurred through cytoplasmic projections 
extending from the shared surface of the extra-cellular membrane plate. Furthermore, 
the nucleus and centrosomes were seen to be mirrored about this narrow plate, a 
feature common in cells undergoing cloning in deteriorating cartilage (Chi et al., 
2004). 
 
During cartilage degeneration, chondrons have been shown to swell and distend, 
initiating the division and clonal proliferation of the chondrocytes. As the cells begin 
to divide, they migrate to the margins of the expanding microenvironment (Poole, 
1997). The newly formed cloning pair appears as a mirror image of each other. This 
process continues and eventually forms a cluster of cells that appear in a suspension 
of unstained material, referred to as cloning whirls or cell nests. Loss in fibrillar 
architecture within the PCM of the chondron has also been observed, as well as an 
increase in proteoglycan concentration despite the decrease of proteoglycans in the 
general cartilage matrix. 
 
Since chondrocytes can communicate rapidly with neighboring cells, it is logical to 
assume that the distinct spatial orientation in specific locations within the knee joint 
may be dependent upon location specific factors such as mechanical forces. It is 
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therefore important to examine a range of locations from the knee to provide a 
‘normal range’ and broad degenerative range of cellular orientations and 
concentrations for the accurate extension of the histological grading method.  
 
 
Figure 5 Electron micrograph of proteoglycan (A) and model of 6 aggrecan momomers 
(B) (Roseman, 2001) 
 
2.2.1.2 Proteoglycans 
The aggrecan molecule is the predominant proteoglycan in the cartilage matrix 
(Heinegard and Oldberg, 1993), contributing largely to the functional mechanics of 
the tissue (Kempson et al., 1970). Aggrecan consists of a central protein core, 
attached to multiple carbohydrate side chains termed glycosaminoglycans (GAGs) 
(Figure 5). These aggrecan monomers then attach to a hyaluronic backbone to form 
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proteoglycans. Chondroitin sulfate and keratin sulfate form the bulk concentration of 
the GAGs in the cartilage matrix (Rodriguez et al., 2006). They are responsible for 
the negative charge drawing positively charged water molecules osmotically into the 
tissue, causing them to swell and absorb up to 50 times their weight in water 
(Rizkalla et al., 1992) to resist compressive forces.  
 
Articular cartilage is highly anisotropic, with tissue thickness and makeup highly 
dependent upon the shear, compressive and tensile forces experienced in specific 
locations. Consequently, proteoglycan concentration is highly variable and 
dependent upon location in ‘healthy’ cartilage (Little and Ghosh, 1997). During the 
natural process of cartilage repair and degeneration, chondrocytes send out signals to 
increase or decrease the synthesis of proteinases, capable of cleaving specific peptide 
bonds, and proteinase inhibitors (Lohmander et al., 1999). This results in fluctuations 
in proteoglycan concentration, causing further variability in proteoglycan 
concentration in repair and degeneration. 
 
Proteoglycan concentration can be determined through histological observations 
when stained with Safranin-O, which is a cationic dye that binds stoichiometrically 
to glycosaminoglycans, that is one positively charged dye molecule binds to one 
negatively charged carboxyl or sulphate group (Kiraly et al., 1996, Rosenberg, 1971, 
Camplejohn and Allard, 1987, Kiviranta et al., 1985). Safranin-O is dehydrated in 
the final stages of histological preparation, which destroys the metachromatic dye-
dye interactions transforming it to an orthochromatic form permanently following 
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mounting (Kiraly et al., 1996, Rosenberg, 1971). The increased stain intensity is 
therefore directly related to an increased proteoglycan concentration. 
 
 
Figure 6 Enzymatic digestion of proteoglycans exhibit a top down wave front 
progression of proteoglycan loss (red), and natural proteoglycan loss begins at the 
surface and transverse zones, followed by diminishing of proteoglycans throughout the 
remaining zones and finally loss in the pericellular matrix. Proteoglycan loss is 
observed by Safranin-O staining (red) from left (healthy) to right (total proteoglycan 
loss). Magnification x20. Adapted from Moody et al., 2006 
 
Safranin-O makes it possible to observe how proteoglycans are first lost from the 
surface area in a top down fashion toward the radial zone. However loss does not 
continue as a wave front through the radial zone as it does when degraded through 
artificial degeneration (Moody et al., 2006), but instead is lost in the superficial, 
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transverse, then radial zones followed by the interterritorial matrix (between the 
PCM) and finally in the radial PCM (Figure 6).  
 
  
Figure 7 Ovine cartilage sections stained in trichrome stain (Safranin-O stains red for 
proteoglycans, Hematoxylin stains black for cell nucleus, and fast green counterstains 
the matrix blue) exhibiting proteoglycan loss (A) and normal proteoglycan (B), 
however both exhibiting similar total stain concentration (H Moody, unpublished 
data). 
 
It is easy to observe this pattern of loss through microscopic techniques (Moody et 
al., 2006, Moody et al., 2012), biochemical measurements and analysis (Kiviranta et 
al., 1985, Brocklehurst et al., 1984), microscopic MRI (Zheng et al., 2009), and 
recently, Fourier transform infrared imaging (Yin et al., 2011). The concentration of 
proteoglycans alone, without the additional information of distribution across the 
entire depth of the specimen, may lead to erroneous analysis. For example, a 
specimen with low proteoglycan staining due to severe proteoglycan loss (Figure 
7A), may contain the same total concentration as one with no proteoglycan loss 
exhibiting a low uniform proteoglycan staining across the depth (Figure 7B). This 
may be an important consideration for the extension of the histological grading 
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method, that is, will the assessment tool be capable of determining depth dependent 
concentration profiles of proteoglycans. 
 
2.2.1.3 Collagen 
Collagen type II is the most abundant form of collagen found in cartilage, accounting 
for 90-95%. The collagen molecules twist in opposite directions to form a triple helix 
that prevents the unraveling of the molecules during tension, thereby accounting for 
the tissue’s superior tensile strength (Voet and Voet, 2004). The microfibril/collagen 
molecules are then entwined to form strong fibrils (Figure 8) of varying diameter 
(Broom et al., 2001), spanning across the matrix in a predominantly vertical 
direction (bone to surface). As the fibrils approach the surface, they become more 
dense and change direction to run in a multidirectional plane (Kamalanathan and 
Broom, 1993), parallel to the surface (Minns and Steven, 1977, Meachim et al., 
1974). This architectural layout of the collagen fibrils is known as the Benninghoff 
arcade (Benninghoff, 1925). 
 
The remaining collagen types making up the cartilage matrix include type XI 
collagen, which interacts with type II collagen, and is possibly involved in making 
the fibril meshwork, and fibril diameter control; type X collagen is thought to bridge 
collagen fibrils and proteoglycans; and type VI collagen forms elastic fibrils around 
the PCM. 
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clefts toward the subchondral bone (Moody et al., 2012) and changes in light 
intensity (Arokoski et al., 1996, Kiraly et al., 1997, Panula et al., 1998). While these 
methods provide some insight into the physical destruction of the matrix and the 
cleavage of collagen fibrils, it does not provide information about the 
interconnectivity of the collagen meshwork.  
 
The histological appearance of pannus tissue may hold the key to a more collagen 
based morphological sign of cartilage health. Pannus appears as a plaque on the 
surface of the cartilage (Pelletier et al., 2001), often near a lesion or 
overlying/resurfacing a fibrillated articular surface (Barley et al., 2010). 
Histologically, it appears as a change in the tissue texture, often termed rarefaction, 
denoted by the appearance of a reduction in the tissue density.  
 
The origin of pannus-like tissue is still in contention, however it is suggested that it 
may form from mesenchymal cells, or result from a transformation of the native 
chondrocytes causing fibrous metaplasia (Shibakawa et al., 2003). Pannus-like tissue 
in cartilage has been described as either a fibrous type defined by an integrated 
tissue, hypocellularity and absence of blood vessels; or vascular type, defined by a 
distinct border between normal and pannus, hypercellularity, and presence of blood 
vessels in the cartilage (Shibakawa et al., 2003). While this tissue lacks the structural 
organisational characteristics of normal (healthy) hyaline cartilage, it does possess 
the hallmarks of native cartilage, collagen II and aggrecan (Barley et al., 2010).  
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We have observed patterns in pannus-like tissue from animal models of OA and 
human cartilage to suggest that pannus-like tissue may involve changes to the 
structural arrangement of collagen, and furthermore, may be visible through light 
microscopy. This suggests that pannus is a restructuring of the native cartilage tissue 
involving collagen reorganisation/destructuring occurring in the form of intense 
fibrillar tangling associated with fibril aggregation. Collagen fibre aggregation has 
been associated with cartilage degeneration (Thambyah et al., 2012, Broom et al., 
2001) and increased tissue swelling (Chen and Broom, 1999, Bank et al., 1997) due 
to a loss of network interconnectivity and therefore an effective proteoglycan 
entrapment system. Consequently, pannus-like tissue may be a significant 
histological indicator of degenerative changes to the collagen architecture, and its 
addition to histological assessment may provide a more representative picture of OA 
degeneration. 
 
Pannus-like tissue has been associated with reparative and catabolic processes in OA 
of articular cartilage (Barley et al., 2010, Shibakawa et al., 2003). In the original 
histologic/histochemical grading system (Mankin et al., 1971), Mankin included 
pannus combined with surface irregularities to score 2 out of the possible 6 for the 
‘structure’ parameter (Table 2). More recently, the OARSI categorical grading 
method (Pritzker et al., 2006) has included signs of rarefaction within the grading 
categories, with increasing depth penetration of rarefaction correlating to increasing 
grade. 
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An adapted histological grading system capable of detecting pannus and the matrix 
destruction beneath the pannus resurfacing, would further improve the accuracy of 
the assessment of cartilage repair, and degeneration. The inclusion of pannus would 
also introduce, for the first time, histological grading that is representative of 
collagen destructuring. 
 
2.2.2 Cartilage zonal classification 
Based on the arrangement, distribution, size and shape of the matrix constituents and 
chondrocytes, ‘healthy’ articular cartilage is often compartmentalized into four 
parallel zones (Meachim and Stockwell, 1973a) (Figure 9). The superficial zone 
forms the surface layer, adjacent to the joint cavity. This layer provides protection 
from the shear forces created by the movement against other joint surfaces. To 
withstand this shear force, there is a concentrated array of thin collagen fibrils 
arranged parallel to the articular surface (Minns and Steven, 1977, Roth and Mow, 
1980). Although these fibrils run in a multidirectional plane (Kamalanathan and 
Broom, 1993), there is a predominant direction of collagen fibrils unique to each 
location, exhibiting greatly increased stiffness in this direction (Kamalanathan and 
Broom, 1993, Kempson et al., 1973, Woo et al., 1976). Chondrocytes are small and 
elliptical in appearance, and distributed across the zone in single form. Proteoglycans 
are almost absent from this zone, with only a small amount visible with Safranin-O 
histological stain (Kiviranta et al., 1985). 
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Figure 9 Zonal classification of articular cartilage. Human cartilage stained with 
trichrome stained (H Moody, unpublished data) 
 
The transitional/intermediate/mid-zone lies in between the surface and radial zone. 
This is more commonly referred to as the transitional zone due to the change in 
direction of the collagen fibrils from a direction parallel to the surface, to a vertical 
orientation toward the underlying subchondral bone (Benninghoff, 1925). As the 
fibres extend deeper, they become thicker and fewer in number (Buckwalter et al., 
2005). Proteoglycans are more concentrated, giving rise to greater load bearing 
within this zone (Freeman and Kempson, 1973). The chondrocytes are fewer in 
number (Meachim and Stockwell, 1973b), however larger and more spherical in 
shape, and start to appear in chains or multiple cells, aligned vertically with the 
collagen fibrils.  
 
In the radial/deep zone the collagen fibrils continue in a vertical direction and anchor 
into the underlying subchondral bone. The fibrils in the radial zone are four times the 
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diameter of those in the superficial zone (Heinegard et al., 2003). Proteoglycans are 
highly concentrated, again assisting in the load bearing role of zones beneath the 
superficial zone. Chondrocyte chains are longer, often forming columnar groups of 
4-8 cells (Meachim and Stockwell, 1973b). The calcified zone forms the connection 
between the cartilage and the underlying subchondral bone. This zone is distinct 
from the non-calcified cartilage by the tidemark or basophilic line, thought to 
prevent collagen fatigue (Minns and Steven, 1977, Redler, 1974).  
 
While these zones are observed throughout different regions within the articulating 
joints, they vary dramatically in their thicknesses, and concentration of the matrix 
constituents and chondrocytes. This is due to the different stresses and strains 
encountered in various locations, giving rise, for example, to thicker cartilage with 
highly concentrated proteoglycans in areas under constant loading, with more highly 
organized chondrocytes to assist in the homeostasis of this region. This high degree 
of anisotropy results in increased subjectivity in the assessment of healthy and 
degraded cartilage due to differences in ‘normal’ proteoglycan and chondrocyte 
concentration and distribution. Observations of extensive variations in healthy and 
degraded cartilage in different locations in the joint are therefore necessary to 
determine the ‘normal/healthy’ range of cartilage in specific joint locations, and the 
various manifestations of cartilage degradation arising from joint destabilization 
and/or damage.  
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2.2.3 Cartilage biomechanics 
The interaction between the collagen network and the water binding proteoglycans 
gives rise to the mechanical properties of cartilage, along with the homeostasis 
provided by the chondrocytes to maintain and modify matrix catabolism and 
anabolism according to changes in joint use.  
 
Collagen fibrils are concentrated along the articular surface to provide a resistance to 
shear forces, and increase the energy required for crack propagation (Broom, 1984, 
Stok and Oloyede, 2003). The curved surface of the cartilage, and therefore the 
surface zone collagen fibrils further protects the tissue due to the constant tensile 
pre-tension. Under static compression, a load is applied to the articular surface, 
causing the tissue to deform laterally, spreading the load across a greater area 
beneath the surface. The initial load is carried by the water, proteoglycans and 
collagen meshwork. Maximum hydrostatic excess pore pressure is attained as the 
load spreads into the deeper zones, and the water is slowly exuded. As more water 
exudes, the load is gradually transferred to the collagen fibrils and the proteoglycans 
(Oloyede and Broom, 1991). When the load is removed, water returns osmotically to 
the area due to the highly negative concentration caused by the proteoglycans. This 
is known as the consolidation model.  
 
Alternatively, when a dynamic load is applied, there is no time for the water to 
escape due to the low permeability of the tissue. The cartilage response is linearly 
elastic, and the load energy cannot be properly distributed. This may lead to cartilage 
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damage in the form of cracks in the articular surface. Upon the appearance of cracks 
or fibrillation, the cells attempt to repair the tissue, however; due to the limited 
number of cells per area, they may not be able to repair in time and degeneration 
develops. Failure is therefore believed to be caused by abnormal loads on normal 
cartilage, and/or normal loads on abnormal cartilage (Aspden et al., 2001). 
 
2.2.4 Repair, degeneration and Osteoarthritis 
Articular cartilage withstands a lifetime of compression, tension and shear forces. As 
with most tissues in the body, cartilage eventually begins to deteriorate, leading to 
OA. Signs of deterioration may originate from a rapid high energy impact 
(Buckwalter et al., 2005) causing cracks in the surface, wear and tear, change in the 
general activity or lifestyle, or disuse (primary OA). Cartilage degeneration may also 
arise from changes to the structural and biochemical properties caused by a 
redistribution of loading and stress attenuation from damaged subchondral bone, 
joint instability or anterior cruciate ligament rupture (Price et al., 1999), altering the 
mechanical loading of cartilage (secondary OA).  
 
Unlike most tissues in the body, cartilage has limited ability to repair due to its 
aneural, alymphatic and avascular properties (Poole, 1997), and so relies solely on 
the chondrocytes for minor repair. The chondrocytes are able to perform minor 
repair work, however once damage is too great, repair fails and the onset of 
degeneration and OA entails (Wong and Hunziker, 1998). Chondrocytes maintain 
27 
 
homeostasis through the regulation of equilibrium between the rate of synthesis and 
degradation of the matrix constituents (Shingleton et al., 1996).  
 
Early damage may be visible through the appearance of cracks in the articular 
surface, along with neighboring cell death due to impact damage (Lewis et al., 2003) 
and/or early signs of roughening on the articular surface (Pritzker et al., 2006). 
During these early stages of cartilage change, chondrocytes send out signals to 
increase synthesis of proteinases, and decrease proteinase inhibitors, in order to 
increase matrix degradation and decrease matrix synthesis (Lohmander et al., 1999). 
Histologically, this stage of cartilage health is often observed to have a strong 
Safranin-O stain throughout all of the cartilage zones, often more concentrated than 
otherwise ‘healthy’ looking samples. This increase in proteoglycans appears to be an 
attempt of the chondrocytes to repair the damaged tissue (Burton-Wurster et al., 
1993).  
 
The metabolic activity in surrounding, healthy looking tissue is similar to damaged 
areas, suggesting that there is no biochemically healthy tissue in a joint containing 
any OA tissue (Heinegard et al., 2003). The extension of histological grading of 
articular cartilage to form a non-biopsy, real-time assessment tool could potentially 
enable clinicians to rapidly scan cartilage around a lesion and in other parts of the 
joint to determine if there is in fact further morphologically damaged cartilage 
caused by the change in biochemistry from the original lesion. 
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As the repair process begins to fail, degenerative OA ensues. Chondrocytes appear to 
increase in number initially, surrounding the damaged, deteriorating surface or 
lesion. As degeneration progresses, the chondrocyte numbers decrease followed by a 
manifestation of chondrocyte clustering in severe cases (Mankin et al., 1971). 
Proteoglycans are lost in what roughly appears to be a top down process of 
degeneration, as identified by Safranin-O staining. Proteoglycans are initially lost 
from the articular surface, followed by fluctuating increases and decreases in the 
radial layer and interterritorial matrix, and the eventual loss in the PCM surrounding 
the chondrocytes. Collagen fibrils become disorganized, and the pre-tensile tension 
in the articular surface is reduced, resulting in diminished capacity to transmit and 
dissipate the load distribution across a greater area to the underlying subchondral 
bone. The surface active phospholipid layer is lost, increasing friction to the articular 
surface.   
 
Increased cartilage softening in degenerating cartilage is associated with collagen 
aggregation. In an attempt to repair the tissue, chondrocytes increase MMP release 
leading to the breakage of collagen fibrils, and a redistribution into intense knotted 
bundles, exposing large areas of open network (Broom et al., 2001). This change in 
the mechanical response of the tissue further changes the tissue properties, 
contributing to a cascade of degenerative processes. Degradation of collagen is 
considered the irreversible step in articular cartilage leading to failure (Shingleton et 
al., 1996). 
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It is therefore apparent why OA and related degeneration are often described as ‘a 
group of degenerative joint diseases’ (Pritzker et al., 2006) involving varying 
combinations of these common indicators of degeneration. This includes: 
biochemical remodeling of articular cartilage; mechanical remodeling of articular 
cartilage; changes to synovial fluid and lubricin (present on the articular surface), 
which play important roles in joint lubrication; and changes to the underlying 
subchondral bone. Consequently, the degenerative process of cartilage appears to be 
highly variable and dependent on the causative factors of the disease (Liu et al., 
2003, Roberts et al., 1986), and on genetic and environmental factors, with each case 
of degeneration involving unique catabolic and repair mechanisms. This highlights 
the difficulty in identifying a common degradative process/pathway for 
degeneration, and therefore a simple morphological assessment for cartilage 
degeneration. A non-destructive tool capable of assessing different morphological 
states of cartilage damage, repair and degeneration, would further increase our 
understanding of this highly variable degenerative condition and aid in the 
compartmentalizing of stages through shared databases for knowledge management.   
 
2.3 Models of osteoarthritis 
2.3.1 Cartilage tissue sources 
Human models of OA are the ideal tissue for examining the pathophysiological 
changes in human articular cartilage; however human tissue provides limited 
opportunity to study early stage OA, and therefore the full course of the disease 
(Moskowitz, 1990). Tissue samples are usually harvested from total knee 
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replacement patients with severe OA, and from deceased human tissue donors for 
research purposes, who are usually elderly and therefore display OA. Human tissue 
has the added disadvantage of diversity of patients including weight, sex, age, use of 
joints and genetic factors (Armstrong et al., 1995), and importantly, strict ethical 
laws associated with the use of human tissue.  
 
Non-human animal models overcome many of these problems, while providing an 
opportunity for analyzing parallel pathophysiological changes in human tissue 
(Moskowitz, 1990). Diversity is overcome by targeting a homogenous group of 
animals from a single source (Armstrong et al., 1995); disease duration can be more 
accurately defined (Moskowitz, 1990); environmental parameters may be controlled 
(Moskowitz, 1990); and ethical and financial burdens are reduced (Armstrong et al., 
1995). Animal models enable researchers to have some control over the duration of 
degeneration to investigate the progression of early through to late stage damage 
(Afara et al., 2012, Arokoski et al., 1994, Arokoski et al., 1996, Beveridge et al., 
2011, Burger et al., 2007, Guilak et al., 1994, LeRoux et al., 2001, Heard et al., 
2011, Liu et al., 2003, Moody et al., 2012, Oakley et al., 2004, Tapper et al., 2008, 
Yoshimi et al., 1994). 
 
The Ovine (sheep) knee is used extensively to model OA due to anatomical and 
biomechanical similarities to the human knee (Armstrong et al., 1995, Bellenger and 
Pickles, 1993, Burger et al., 2007), and is therefore considered an acceptable animal 
model. Although ovine are quadruped, there are few differences between the ovine 
and human knee. The ovine knee is smaller than the human knee, and the lateral 
31 
 
tibial plateau and femoral condyles are larger than their medial counterparts, which 
is in contrast to that found in humans. An important similarity between the two 
models, is that when standing, the ovine knee joint is relatively extended as is the 
human knee (dogs, rats, rabbits and mice stand with their knees flexed) (Armstrong 
et al., 1995). The lateral and medial menisci of the ovine and human knees are 
similar in shape and coverage, further supporting the ovine model as a preferable 
model for the human knee. 
 
2.3.2 Surgical models 
The knee joint is a complex structure that enables flexion, extension and rotation of 
the lower leg for walking, jumping, running, skipping, kicking, and many other 
normal, everyday movements. The structure of this joint is provided by the femur, 
tibia, and patella, which are stabilized by the ligaments connecting these bones 
(Figure 10). Muscle insertions or tendons cross over the knee to enable the 
movement of the lower leg about this joint. Movement of this joint is made smooth 
and almost frictionless through the synovial bathed cartilage covering the ends of the 
four bones. The cartilage further disperses and dissipates the load evenly across the 
underlying bones, assisted greatly by the meniscus, which lie between the tibial 
plateau and femoral condyles. 
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implemented to alter the stability of the knee joint, leading to degenerative events 
that are similar to those seen in patients without surgical manipulation. 
 
The anterior cruciate ligament (ACL) provides anterior-posterior and rotational 
stability to the knee. Patients experiencing ACL injury experience an increased 
incidence in knee osteoarthritis, which is thought to be due to changes in the 
rotational stability of the knee (Buckland-Wright et al., 2000, Daniel et al., 1994, 
Lohmander and Roos, 1994, Roos et al., 1995).  
 
The meniscus disperses body weight evenly across the knee joint and improves the 
stability of the knee. Meniscal injuries are common, resulting in surgical removal of 
portions of the tissue. This has been associated with local chondral damage, with 
lateral meniscectomies exhibiting greater degradation. The lateral meniscus 
undergoes greater load bearing, and so damage or surgical removal of a large portion 
of the meniscus greatly alters the normal loading of the area and the stability of the 
knee (Yang et al., 2009, Little et al., 1997).  
 
By recreating these common joint injuries through surgery, this experimental 
approach can therefore enable in vivo analysis of different degenerative events that 
may arise due to different forms of damage common in human patients. 
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2.4 Histological Grading Tools for Assessment of Cartilage 
Health 
Cartilage degeneration may develop in response to structural and mechanical insults 
to ligaments and the joint capsule (Lahm et al., 2004, Bobinac et al., 2003, Yeow et 
al., 2009), and/or biochemical mechanisms within the joint (Heinegard et al., 2003). 
Degeneration is influenced by age (Meachim, 1982), weight (Madsen et al., 1997), 
environmental (Dykgraaf et al., 2008) and hereditary (Felson et al., 1998) factors. 
Consequently, OA and its related disorders are considered a diverse group, a factor 
that is often overlooked when cartilage damage and degeneration is quantified 
histologically. An accurate and reliable assessment of cartilage degeneration is a 
prerequisite to the identification of stages and mechanisms of disease and the 
resulting treatment plan. Histological analysis provides detailed internal structural 
and physiological information of cartilage health, repair and deterioration, serving as 
a gold standard for the validation of other potential assessment tools (Acebes et al., 
2009, Young et al., 2007, Tsai et al., 2007, Lee et al., 2008). 
 
Histological grading methods rationalize the severity of OA by reducing disparate 
histological information to quantifiable, albeit subjective discriminators. The great 
anisotropy in cartilage morphology and variations in manifestations of degeneration 
make it difficult to decide if, for example, there is a minor or moderate change in the 
cell number (hyper- or hypocellularity) in a given location. This has resulted in poor 
intra- and inter-observer score correlations (Custers et al., 2007, Ostergaard et al., 
1999, Ostergaard et al., 1997). Despite this, histological grading still provides an 
35 
 
easy to use method enabling correlations to be made with the health state of cartilage 
(Acebes et al., 2009, Afara et al., 2012, Jones et al., 2004, Little et al., 1997, Moody 
et al., 2012, Oakley et al., 2004, Qin et al., 2002, Saal et al., 2005, Spahn et al., 
2008).   
 
The first histological grading method was published over 50 years ago. Since then, a 
variety of grading methods have been developed and modified, resulting in an 
extensive choice of grading methods. These grading methods broadly fall under two 
categories, namely, an assessment system based on sequential stages of increasing 
OA severity (Collins and McElligott, 1960, Pritzker et al., 2006); or based on the 
sum of independent indicators of OA severity (Yoshimi et al., 1994, Mankin et al., 
1971, LeRoux et al., 2001, Little et al., 1997).  
 
There have been many published reviews that examine the attributes and limitations 
of histological grading methods, specifically the Mankin and OARSI systems (Pauli 
et al., 2012, Rout et al., 2011, van der Sluijs et al., 1992, Ostergaard et al., 1999, 
Ostergaard et al., 1997, Custers et al., 2007, Rutgers et al., 2010). These have 
focused on reliability, reproducibility, validity, and complexity; however, have not 
examined the possibility of adapting histopathologic grading for non-destructive, 
real-time assessment of cartilage health. Therefore, we first need to determine the 
most suitable histological grading system for the purpose of demonstrating the 
potential of expanding histological grading to form a non-destructive, real time 
assessment of cartilage health and degeneration. NIR spectroscopy is the tool we 
have chosen to adapt histology for non-biopsy, real-time clinical assessment, and 
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since this method characterizes structural networks, we must now determine the 
histological grading method that will best compliment NIR.  
 
2.4.1 Histological Grading based on sequential stages of 
osteoarthritis severity 
Collins and McElligott (1960) proposed the first histological grading system, which 
was based on sequential stages of increasing OA severity. The grading method 
assigns a grade of 0 (normal) – IV (severely diseased), qualitatively describing in 
great detail, the increasing severity of OA through cartilage surface damage, staining 
loss, cell clustering, and changes in the subchondral bone. More recently, the 
Osteoarthritis Research Society International (OARSI) developed a new 
Osteoarthritis Cartilage Histopathology Assessment System (Table 1), which was 
intended to address the limitations of the Mankin system to produce a more reliable 
and reproducible grading system (Pritzker et al., 2006). The resulting OARSI system 
assigns a level of degradation based on a common degradative process of most of the 
matrix constituents. This method is based on: increasing grade (OA depth 
progression), which indicates a more biologically aggressive disease, and; increasing 
stage (the horizontal extent of cartilage involvement), indicating greater extent of the 
disease. Grade and stage are then multiplied for a final score. 
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Table 1 Osteoarthritis Cartilage Histopathology Assessment System developed by the 
OARSI (Pritzker et al., 2006) 
Grade (key feature) Associated criteria (tissue reaction) 
Grade 0: surface intact, 
cartilage morphology intact 
Matrix: normal architecture 
Cells: intact, appropriate orientation 
Grade 1: surface intact Matrix: superficial zone intact, oedema and/or superficial 
fibrillation (abrasion), focal superficial matrix condensation 
Cells: death, proliferation(clusters), hypertrophy, superficial 
zone 
Reaction must be more than superficial fibrillation only 
Grade 2: surface discontinuity As above 
+ Matrix discontinuity at superficial zone (deep fibrillation) 
± Cationic stain matrix depletion (Safranin O or Toluidine Blue) 
upper 1/3 of cartilage 
± Focal perichondronal increased stain (mid zone) 
± Disorientation of chondron columns 
Cells: death, proliferation (clusters), hypertrophy 
Grade 3: vertical fissures 
(clefts) 
As above 
Matrix: vertical fissures into mid zone, branched fissures 
± Cationic stain matrix depletion (Safranin O or Toluidine Blue) 
into lower 2/3 of cartilage (deep zone) 
± New collagen formation (polarized light microscopy, Picro 
Sirius Red stain) 
Cells: death, regeneration (clusters), hypertrophy, cartilage 
domains adjacent to fissures 
Grade 4: erosion Cartilage matrix loss: delamination of superficial layer, mid 
layer cyst formation 
Excavation: matrix loss superficial layer and mid zone 
Grade 5: denudation Surface: sclerotic bone reparative tissue including fibrocartilage 
within denuded surface. Microfracture with repair limited to 
bone surface 
Grade 6: deformation Bone remodelling (more than osteophyte formation only). 
Includes: Microfracture with fibrocartilagenous and osseous 
repair extending above the previous surface 
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Grading based on sequential stages of increasing OA damage does not allow for a 
great deal of variation in the development of OA, and as such, assumes a common 
pathway for degeneration. The degenerative process of OA is highly variable and 
dependent on the causative factors of the disease (Liu et al., 2003, Roberts et al., 
1986), and on genetic and environmental factors, with each case of OA involving 
unique catabolic and repair mechanisms. However grading based on sequential 
stages of OA severity does score for changes to the chondrocytes and proteoglycans 
without concomitant effect to the structural/collagen network (Moody et al., 2012), 
possibly caused by changes to the biochemistry due to nearby lesions (Heinegard et 
al., 2003). Nor do these grading approaches score superficial fibrillation alone (Table 
1). This grading method is designed for grading the onset and progression of OA and 
does not include the early changes to cartilage in repair and degeneration that lead to 
the onset of OA. This may be due to the late nature of OA that early histological 
grading methods are based (Collins and McElligott, 1960, Mankin et al., 1971). 
However animal models have shown that there is a cartilage repair response to joint 
injuries (Anraku et al., 2008, Shapiro et al., 1993). At some point, it is thought that 
these mechanisms fail, leading to a one-way, progressive, variable OA condition 
(Poole et al., 1993, Buckwalter et al., 2005).  
 
Histological grading methods primarily focus on the increased spread of 
degeneration through the zones of cartilage from the superficial through to the radial 
zone (Collins and McElligott, 1960, Mankin et al., 1971). However the size of the 
lesion or area of degeneration in a histological slide is usually overlooked. This may 
result in two samples receiving the same score while one sample may have a lesion 
that extends for the entire slide, compared to one with a very small and localised 
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lesion (Pritzker et al., 2006). The inclusion of the staging score tries to overcome 
this, however when a grade and stage are multiplied, the scoring system moves 
further away from a linear system, with some scores impossible since they are not 
divisible. 
 
The aim of this work is to demonstrate the potential of expanding histological 
grading for non-destructive, real-time assessment of cartilage degeneration that will 
enable clinicians to accurately assess the health of the area within and around a 
lesion to determine the appropriate diagnosis and treatment. Therefore, if the grading 
method does not describe all possible variations of cartilage repair and degeneration, 
it will not enable accurate assessment for the purpose of clinical diagnosis and 
treatment. 
 
Histological grading based on sequential stages of increasing OA severity will not be 
chosen for this work; however the OARSI system (Table 1) contains very important 
observations regarding the area of cartilage degeneration / lesion size, and 
morphological health of cartilage, that may be implemented into a final grading 
method proposed in this thesis. This includes the appearance of pannus 
(oedema/rarefaction) at increasing depth with increasing OA severity, incorporating 
heterogeneous changes to the matrix texture, collagen fibre rarefaction/collagen fibre 
condensation and variable matrix cationic staining. 
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2.4.2 Histological grading based on the sum of independent 
indicators of osteoarthritis severity 
Mankin et al (1971) proposed the first histological grading based on the sum of 
independent indicators of OA severity. This is the popular Histologic/Histochemical 
Grading System, a fourteen point score based on four indicators of cartilage 
degradation (Table 2). This has proven to be an easy and convenient method of 
grading a complex process of degeneration for many decades, and has been modified 
by researchers to exclude some parameters, or extend others to reflect the 
significance of certain parametric changes to the process of deterioration (LeRoux et 
al., 2001, Little et al., 1997, Yoshimi et al., 1994).  
 
Table 2 Mankin histological grading system for osteoarthritic cartilage (Mankin et al., 
1971) 
Category Subcategory Score 
Structure Normal 0 
 Surface irregularities 1 
 Pannus and surface irregularities 2 
 Clefts to transitional zone 3 
 Clefts to radial zone 4 
 Clefts to calcified zone 5 
 Complete disorganisation 6 
Cells Normal 0 
 Diffuse hypercellularity 1 
 Cloning 2 
 Hypocellularity 3 
Safranin O Staining Normal 0 
 Slight reduction 1 
 Moderate reduction 2 
 Severe reduction 3 
 No dye noted  4 
Tidemark integrity Intact  0 
 Crossed by blood vessels 1 
Total  0-14 
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The original Mankin method categorizes cartilage degeneration into 4 parameters 
(Table 2). This incorporates the major changes observed histologically in 
deteriorating cartilage, including changes to the cartilage ‘structure’ initiating at the 
articular surface, cell cloning, Safranin-O staining directly associated with 
proteoglycan loss, and the tidemark integrity. While this method is well validated, it 
is based on late stage OA human cadaveric tissue, and as such, is not sensitive to 
repair and early stages of degeneration (Ostergaard et al., 1999). Furthermore, the 
intended use of this grading system is to total the individual scores resulting in a 
situation where cartilage sections awarded the same total histological grade may 
represent two very different disease developments. However, this method does 
provide the potential to describe a large variety of different manifestations of 
cartilage health and degeneration. 
 
The Modified Mankin grading systems were developed to address the early 
degenerative gaps in the original Mankin system (LeRoux et al., 2001, Little et al., 
1997, Yoshimi et al., 1994). The Modified Mankin grading system examined in this 
thesis includes at least 3 more scores within the structure parameter, (referred to here 
as surface integrity since it does not incorporate the main structural elements of 
cartilage, namely collagen fibril health and proteoglycan networks), expanded cell 
parameter into two parameters (cellularity and cell cloning), and more accurately 
describes patterns of proteoglycan/Safranin-O staining loss (Table 3).  
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Table 3 Modified Mankin Grading System (Little et al., 1997, Oakley et al., 2004) 
Category Subcategory Score 
Surface integrity Normal 0 
 Slight surface irregularities 1 
 Moderate surface irregularities 2 
 Severe surface irregularities 3 
 Clefts to transitional zone 4 
 Clefts to radial zone 5 
 Clefts to calcified zone 6 
 Fibrillation and/or loss to transitional zone 7 
 Fibrillation and/or loss to radial zone 8 
 Fibrillation and/or loss to calcified zone 9 
 Fibrillation and/or loss to subchondral bone 10 
Cellularity Normal 0 
 Increase or slight decrease 1 
 Moderate decrease 2 
 Severe decrease 3 
 No cells 4 
Cell Cloning Normal 0 
 Several doublets 1 
 Many doublets 2 
 Doublets and triplets 3 
 Multiple cell nests 4 
Safranin O Staining Normal 0 
 Slight reduction 1 
 Reduction in radial layer 2 
 Reduction in interterritorial layer 3 
 Only present in pericellular matrix 4 
 No staining  5 
Total  0-23 
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Figure 11 Surface integrity scores (0-9) of cartilage sections from sheep with 
meniscectomy-induced OA stained with toluidine blue for proteoglycans and fast green 
counterstain (Little et al., 2010).  
 
Surface integrity characterizes the top down degradation of cartilage (Figure 11) 
beginning with increasing surface irregularities in the form of roughening or minor 
fissures or fibrillation restricted to the articular surface. Clefts are defined as simple 
or complex, and able to be imagined that the two new crack surfaces could be pushed 
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back together without any cartilage missing (Little et al., 2010). Fibrillation appears 
as frayed finger like projections.  
 
Cellularity is characterized by the change or decrease in cell number, relative to the 
‘normal’ distribution in a ‘healthy’ joint from a similar topographical location 
(Figure 12). While differences between joints of controlled animal models may 
contain similar cellular distribution, it is anticipated that human cartilage and non-
controlled animal test subjects would display highly variable cartilage in samples 
from a similar location due to vast differences in genetic and environmental 
influences. This may be an important consideration in the analysis, specifically of 
human cartilage tested in this work. 
 
 
Figure 12 Cellularity scores (0-4) of cartilage sections from sheep with meniscectomy-
induced OA, stained with toluidine blue for proteoglycans and counterstained with fast 
green (Little et al., 2010) 
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Characterization and scoring of cell cloning is relatively straight forward, with 
increasing occurrence of doublets, then triplets and multiple cell nests resulting in 
increasing score (Figure 13). If no cells are present, the maximum score of four is 
awarded (Little et al., 2010). 
 
 
Figure 13 Cell cloning scores (0-4) of cartilage sections from sheep with meniscectomy-
induced OA, stained with toluidine blue for proteoglycans and counterstained with fast 
green (Little et al., 2010). Close up of cells are shown beneath each full depth section 
for each score. 
 
Loss of proteoglycans is scored first as a top down loss from the surface, and 
progresses to a diminishing concentration from the interterritorial matrix (Figure 14). 
The worst area of the section is scored. Scoring of proteoglycans is most popularly 
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performed with either Toluidine blue or Safranin-O staining. The example presented 
here does not include stain remaining in the PCM, which would normally be a score 
of four, with total staining loss awarded a five. 
 
 
Figure 14 Proteoglycan loss (0-4) of cartilage sections from sheep with meniscectomy-
induced OA, stained with toluidine blue for proteoglycans and counterstained with fast 
green (Little et al., 2010) 
 
Based on the gold standard Histologic/Histochemical Grading System (Mankin 
system), this method provides an extensive description of cartilage repair and 
degeneration and the ability to separate the scores into the four parameters. It is 
anticipated that this method will be capable of capturing the range of morphological 
manifestations of degeneration. However this method is still only applicable to 
research/laboratory based work since it requires time consuming biopsy and 
histological preparation. Therefore, a clinical assessment tool needs to be chosen that 
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can be correlated to histological grading to provide the same, or better, information 
of the various manifestations of cartilage repair and degeneration. 
 
2.5 Clinical assessment tools 
Current forms of cartilage health assessment include a range of non-invasive (non-
surgical), invasive (surgical), non-destructive (cartilage intact) and destructive 
(part/all of cartilage destroyed) procedures. Non-invasive pre-operative assessment 
can determine if joint pain is due to cartilage thinning. Invasive, non-destructive 
surgery can further assess the macroscopic damage to the cartilage, which can later 
be more accurately assessed through destructive surgical biopsies for post-
operative/laboratory assessment. The more common procedures are summarized 
below: 
 Pre-operative  
X-Ray - noninvasive assessment of joint space narrowing 
MRI - non-invasive assessment of cartilage volume and thickness 
- assessment of microscopic structure and biochemical 
composition including architecture of the collagen network 
and quantitative assessment of GAG content (Binks et al., 
2013) 
- imaging of macroscopic structural and anatomical detail. 
- change in water content (Liess et al., 2002). 
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 Operative 
Arthroscopy - minimally invasive examination of superficial cartilage 
health using Outerbridge classification (Outerbridge, 
1961) and the International Cartilage Research Society 
(ICRS) assessment methods 
 
 Post-operative 
Histological – provides structural and morphological information on 
the health of cartilage through assessment methods 
including the Mankin method and the Osteoarthritis 
Research Society International (OARSI) 
Biochemical – quantitative analysis of matrix constituents 
Second-harmonic generation imaging – semi-quantitative information 
on collagen structure 
 
2.5.1 Shortfalls of current techniques 
Pre-operative radiographic assessment is not sensitive to early changes in cartilage 
degeneration including cellular changes, proteoglycan loss and minor articular 
surface roughening; however MRI results are showing increasing sensitivity to 
changes to the matrix, including early morphological changes preceding OA (Bashir 
et al., 1999, Binks et al., 2013, Liess et al., 2002). Furthermore, MRI is non-invasive 
and so can provide data for longitudinal epidemiological studies on the development 
and progression of OA and related degeneration. Similarly, post-operative 
assessment methods provide arguably the best structural and morphological 
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information on cartilage health. However these methods require biopsy and are 
therefore destructive and time-consuming.  
 
Current operative assessment methods, specifically arthroscopy, provides direct 
visualization of articular cartilage, however provides the least amount of information 
regarding cartilage matrix and cellular changes. While this method has enabled 
exceptional cartilage repair work for many decades, it may not permit the assessment 
required for some new and developing treatment options that specifically target 
changes occurring beneath the articular surface.  
 
Developing reparative and restorative treatments include introducing a defect filling 
matrix containing either autologous chondrocyte transplantation or signaling 
substances to induce cell migration to this area. This form of specified tissue filling 
treatment would require a clinical tool that is able to define the edges of the lesion so 
that only the damaged cartilage is removed. Post-operative histological methods 
provide the most thorough information on the structural and morphological health of 
cartilage to enable for the precise lesion location; however, require a biopsy and are 
therefore destructive and time consuming, and not appropriate for clinical 
application. We therefore need to determine a clinical evaluation tool that is capable 
of, or has the potential to characterize the structural and morphological health of 
cartilage at the time of surgery, that is fast and non-destructive to cartilage. This 
could enable cataloguing, research, exchange of data, and a level of assessment that 
is highly specific to enable new developments in targeted treatments to be 
implemented. 
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2.5.2 Operative evaluation tool 
Arthroscopes have more recently been coupled with mechanical devices to measure 
the softening of cartilage through reduced stiffness. Although this method provides a 
more objective analysis than arthroscopy alone, it is severely limited in 
differentiating between healthy and degraded tissue since there is an 85% overlap in 
stiffness of normal and degraded cartilage (Brown et al., 2007b). Confocal 
microscopy has been shown to be suitable for real-time assessment (Jones et al., 
2004); however this method requires fluorescent dyes to identify components of 
interest. 
 
Near-infrared (NIR) spectroscopy is increasingly being investigated to provide real-
time, non-destructive assessment of biological tissue health (Afara et al., 2012, Afara 
et al., 2013a, Afara et al., 2013b, Brown et al., 2009a, Spahn et al., 2007, Spahn et 
al., 2008, Wray et al., 1988). NIR does not require any tissue preparation; it is very 
fast, inexpensive to scan; provides deep tissue penetration and; unlike x-ray is non-
radioactive. The NIR probe is similar to that of an arthroscope, and uses fibre optics 
in their delivery mode, and so can be easily implemented into existing instruments. 
In cartilage research, NIR has been shown to distinguish between healthy and low 
grade lesions in cartilage by analysing the water content (Spahn et al., 2007). More 
recently, research has shown that NIR absorption can be correlated significantly with 
the tissue thickness (Afara, 2012), total Mankin score (Spahn et al., 2008, Afara et 
al., 2012) mechanical stiffness (Spahn et al., 2008), and enzymatically depleted 
proteoglycans (Brown et al., 2009a). Given these recent developments, there is a 
significant probability in adopting NIR for the purpose of adapting histopathologic 
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grading for a non-biopsy/non-destructive, real-time assessment tool that is proposed 
in this thesis. 
 
2.5.2.1 Near infrared Spectroscopy 
Infrared spectroscopy is based on fundamental vibrations determined by absorption 
of infrared light by a substance to be measured. When a substance is exposed to 
electromagnetic radiation, for example infrared light, the molecules within the 
substance are excited to vibrate or rotate with frequencies that are determined by 
their bonding strength, atomic mass, and associated vibronic coupling (Ingle Jr and 
Crouch, 1988). NIR is able to penetrate further than mid-IR, making it ideal for 
cartilage thickness (Faris et al., 1991).  
 
In NIR spectroscopy, higher energy is emitted from a source, further exciting 
combinations and overtones of these fundamental vibrations. The majority of 
overtones and combination peaks observed in the NIR region of the electromagnetic 
spectrum originate from O-H, C-H, S-H and N-H bonds (Ciurezak, 2001), which 
make up the majority of the molecular structures of the cartilage constituents. These 
NIR frequencies may then be measured by a Fourier Transform Near Infrared 
Spectroscope (FT-NIR), revealing information on the orientation of biomolecules 
and chemical composition in tissues, identified by the position, intensity and half 
width of the wavelength band (Figure 15). 
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Figure 15 Bruker Optics near infrared chart showing typical spectra of protein, fat, 
and moisture. Horizontal axis shows wavelength values (900-2500nm)and 
corresponding wavenumber equivalents (11111 – 4000). 
 
 
Based on comparisons to regions of the NIR absorption spectrum, the molecular 
components of collagen and proteoglycans have been identified and characterised 
(Table 4) (Shenk et al., 2001). NIR is capable of characterising the major network 
systems of the cartilage matrix, and it is therefore anticipated that NIR will be 
sensitive to degenerative changes in these networks.  
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Table 4 Near infrared frequencies of cartilage collagen and proteoglycans (Shenk et al., 
2001) 
 
 
2.6 Identified issues to be addressed from literature 
This critical review of literature and methodological practice identifies the important 
gaps in current research that need to be filled in the process of this work. The review 
of cartilage morphology highlights the great anisotropy of cartilage between species, 
individuals, and cartilage location on the joint, due to anatomical structures, genetics 
and environmental influences. Testing therefore needs to be from a number of 
individuals and locations to create a realistic range of ‘healthy’ characteristics and 
degenerative characteristics.  
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Upon comparison of the processes of degeneration of cartilage components to the 
various histological grading systems, clear issues are addressed regarding the 
limitations of many of the systems for the specific purpose of adapting for non-
destructive, real time assessment. The chosen histological grading system will need 
to reflect a detailed description of the stages of health, repair and degeneration, and 
furthermore, present degeneration as individual parametric scores to enable the 
various manifestations of health, repair and degeneration to be separately identified. 
These are important considerations for the clinical application of a non-biopsy 
system based on histology, to provide specific information on the type of 
degeneration occurring, and therefore allow accurate diagnosis and treatment to be 
administered.  
 
The chosen histological grading system will need to be critically analyzed to 
determine if it satisfactorily describes the changes to all morphological components 
of cartilage in health, repair and degeneration that are required for clinical 
assessment and resulting choice of treatment. NIR specifically scans the network 
health of materials; therefore the grading system will need to be sensitive to 
identifying and scoring network health.  
 
For this work, we will first examine a large number of ovine injury models to 
observe various manifestations of cartilage health, repair and degeneration. The 
surgically induced injuries to the ovine knee joints will provide an extensive array of 
cartilage degenerative signs. This will determine the acceptability of the chosen 
histological grading method for clinical adaptation. Naturally degraded and healthy 
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human tissue will then be examined to assess the acceptability for human use and 
determine if modifications are necessary before expanding the method for non-
destructive, real-time assessment of cartilage health.  
 
Pannus, or rarefaction of the tissue identified in the original Mankin and OARSI 
systems will be investigated as a potential new parameter to represent changes to the 
collagen network.  The inclusion of a collagen parameter is an important one, in that 
the choice of method could be based on whether or not there is a viable collagen 
content remaining in the degenerating articular cartilage, with consequences for the 
application of regenerative medicine approaches in joint treatment. Degradation of 
collagen is considered the irreversible step in articular cartilage leading to failure 
(Shingleton et al., 1996). 
 
This work will then explore the relationship between the new histological grading 
system and the NIR spectra, in an effort to demonstrate the potential of non-
destructive, instantaneous cartilage assessment through the extension of histological 
grading. 
56 
 
3 Materials and method 
 
3.1 Introduction 
The aim of this thesis is to determine whether or not histological grading can be 
adapted for treatment applications, and if possible, how this can be done to a high 
degree of accuracy and confidence. Histological analysis provides the most thorough 
information on morphological health, however is not applicable to the clinical setting 
since it is destructive (requires biopsy) and time-consuming. NIR spectroscopy is 
applicable to the clinical setting, however has not yet been characterized to assess 
changes in the cartilage matrix. Therefore to adapt histology to clinical application, a 
histological grading method needs to be chosen, and adapted to enable a correlation 
to be made between the networks characterized by NIR and the morphological 
changes characterized by histology. 
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In order to achieve this aim, the following steps were carried out: 
1. Ovine cartilage: analysis of histological grading 
 Ovine surgical inducement of injury models and sacrifice 
 Biopsy removal, histological preparation 
 Histological grading 
2. Human cartilage: correlation of histological grading and NIR absorption 
spectrum 
 Obtaining of human articular cartilage  
 Preparation of cartilage into 10 x 10mm samples on bone 
 NIR spectroscopy scan 
 Removal of cartilage from bone and rapidly frozen in OCT 
 Cryosectioning (leaving ¼ biopsy sample uncut and frozen) 
 Histological preparation of cryosectioned slides 
 Histological grading 
 SHG imaging on selected remaining ¼ biopsy samples 
 
This chapter will first investigate the background and rationale of each of the 
materials and methods used, and then describe the aforementioned steps of the 
materials and methods in great detail. 
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3.2 Background and rationale of chosen materials and 
methods 
3.2.1 Determining the best histological grading framework for 
network health 
There have been many published reviews examining the attributes and limitations of 
histological grading methods, through reliability, reproducibility, validity, and 
complexity; however, have not examined the possibility of adapting histopathologic 
grading for non-destructive, real-time assessment of cartilage health. These 
noteworthy methods of assessing articular cartilage health provide excellent methods 
for assessing the structural and physiological health of cartilage within the laboratory 
setting. However they are limited in their adaptability/scope for in vivo applications. 
This is partly because they are designed purposely for in vitro analysis or laboratory 
based research. Specifically, in its current form the Collins (Collins and McElligott, 
1960) and Mankin (Mankin et al., 1971) methods are not applicable for the detection 
of early stage OA (Ostergaard et al., 1999). Also, these two methods do not allow for 
variations within a tissue section, that is, they do not take into account, the variation 
in score from point to point within the same slide.  
 
The OARSI system (Pritzker et al., 2006) considers all matrix constituents to follow 
a common pathway of degeneration. These grading methods allow for quantification 
of different forms of OA by assigning a total grade; however this process does not 
reflect the contribution of different injury, repair, degenerative and OA processes of 
59 
 
the conditions. For example, a total score does not indicate if the cartilage damage is 
primarily surface irregularities or fibrillation; if it is cellular; or related to 
proteoglycan loss. Therefore, cartilage sections awarded the same total histological 
grade may represent two very different disease developments, and network damage. 
For example, a cartilage section with a total score of 7 may exhibit primarily surface 
destruction, while another section may exhibit only cellular changes and 
proteoglycan loss. 
 
These limitations may in part be responsible for the high variability reported by 
observers (Custers et al., 2007). However, these histological grading tools provide 
the most thorough methods of assessing cartilage morphological health based on 
intra-matrix information. The Modified Mankin Method (Table 3) will be used as a 
model from which to assess and further modify according to analysis of both ovine 
injury models and OA human cartilage results. The resulting system will then be 
used to demonstrate the potential of adapting histological grading for non-
destructive, real-time assessment of cartilage health. 
 
3.2.2 Second Harmonic Generation Imaging for pannus 
Collagen fibrils have been observed to run in a direction parallel to the surface, and 
then turn to run perpendicular to the surface, towards the subchondral bone. This 
pattern is referred to as the Benninghoff arcade. While this pattern cannot be 
observed through light microscopy, histological signs of pannus-like tissue have 
been observed in this laboratory to resemble a deteriorating Benninghoff arcade. It is 
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therefore predicted here, that pannus may provide further insight into collagen fibril 
network health. Since this correlation has not been published to our knowledge, 
histological signs of pannus will be examined to determine if it is a sign of collagen 
network deterioration.  
 
Second Harmonic Generation (SHG) signals are produced when an intense laser is 
passed through a material with a specific molecular orientation. SHG imaging 
microscopy is sensitive to contrasts in the variations of second-harmonic light 
generated from the incident light by a material. The ability to generate second 
harmonics is specific to non-centrosymmetrical structures like collagen (Xie et al., 
2012), which is a highly crystalline triple helix. An organised network of collagen 
molecules generates a strong signal, influenced by the common directionality of 
neighboring fibres (Yeh et al., 2003, Brockbank et al., 2008). A redistribution of 
collagen fibrils to form a disorganised structure leads to an SHG emission in every 
spatial direction, and hence a weaker signal (Werkmeister et al., 2010).  
 
Second harmonic microscopy is a non-invasive, label free method of imaging. It has 
been shown to quantify collagen structure in breast biopsies (Ambekar et al., 2012), 
tumors (Brown et al., 2003) reveal the ultrastructure of collagen fibrils in the cornea 
and sclera (Han et al., 2005) and damaged collagen structure in articular cartilage 
(Werkmeister et al., 2008, Brockbank et al., 2008). We will therefore use SHG 
imaging to determine if histological signs of pannus are due to destructive changes in 
the collagen network. 
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3.2.3 NIR spectroscopy set-up 
A number of preliminary experiments were previously undertaken in this laboratory 
to ensure repeatability and accuracy of the experimental results (Afara, 2012). The 
findings of these included the importance of the stability of the probe during 
scanning, and the orientation of the probe perpendicular to the cartilage surface. This 
resulted in the development of an experimental rig to minimize experimental error 
(Figure 16).  
 
 
Figure 16 Near infrared spectroscopy experimental rig (Afara, 2012) 
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The stainless steel sample holder consists of two adjustable plates allowing for x- 
and y-axis bidirectional motion for precise sample positioning. The z-axis guide is a 
hollow cylinder designed to snuggly fit the NIR probe and allows for vertical 
adjustment of the probe directly above the surface. This set-up has been shown to 
achieve repeatable experimental results (Afara, 2012). 
 
Further considerations for the testing of cartilage include the moisture content of 
cartilage. Cartilage is composed of approximately 80% water, with a large 
proportion unbound, or free. Cartilage is therefore prone to drying out if left 
unbathed in a saline solution. Since NIR spectroscopy is sensitive to OH bonds, and 
therefore water, any loss of water could significantly alter the resulting spectrum of a 
cartilage sample (Afara, 2012). Cartilage samples should be constantly bathed in a 
saline solution to avoid the effect of water loss. 
 
3.2.4 Sample selection 
In the first instance, this thesis explores a large and varied range of degenerative 
manifestations of cartilage to fully understand what it is that NIR may be scanning 
within the different networks including the collagen type II network (cracks, 
fibrillation, aggregation and distension), the proteoglycan network (concentration 
and distribution), and the prevalence of these individually and combined along with 
concurrent cellular changes.  
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A large number of ovine injury models were examined to observe various 
manifestations of cartilage health, repair and degeneration. The ability to induce 
injury to the ovine knee joint provides an extensive array of cartilage network 
degenerative signs from which to satisfactorily determine the acceptability of the 
chosen histological grading method. Naturally degraded and healthy human tissue 
were then examined to assess the acceptability for human use and determine if 
modifications were necessary before expanding the method for non-destructive, real-
time assessment of cartilage health.  
 
NIR measurements were not recorded for ovine testing since ovine surgical models 
were performed in Canada, without access to the NIR spectroscope. Its omission, 
however, was deemed to not have any effect as it has already been established in 
other work that patterns of the NIR spectra are similar for most of the cartilage 
samples and only differ in the specific values of the parameters extracted for 
characterization (Afara et al., 2012, Afara, 2012).   
 
3.3 Materials and experimental methods 
3.3.1 Ethical considerations 
All animal surgical procedures were reviewed and approved by the University of 
Calgary Animal Care Committee and complied with the guidelines of the Canadian 
Council on Animal Care. Ethics approval for the use of human tissue was granted by 
The Prince Charles Hospital Human Research Ethics Committee, protocol number 
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EC2310, version 1.1. Institutional ethics approval was given by consenting patients 
undergoing total knee replacement surgery (1 female aged 89 and 1 male aged 69), 
and from one deceased tissue donor (1 male aged 79). 
 
3.3.2 Ovine cartilage 
3.3.2.1 Surgery 
The aim of the surgical injury models was to create a vast range of manifestations of 
cartilage degeneration to enable full characterization of cartilage repair and 
degeneration. To achieve this large variation in degeneration, 45 skeletally mature 
female Suffolk-cross sheep stifle joints were subjected to either:  
 combined anterior cruciate ligament (ACL)/medial collateral ligament 
(MCL) transection (n=12),  
 anatomic ACL femoral core (n=3),  
 twist loose and twist tight ACL femoral core (n=4),  
 lateral meniscectomy (n=6),  
 sham (n=6), or  
 non-operated age-matched controls (n=14),  
as described in detail here and previously described (Tapper et al., 2008, Beveridge 
et al., 2011, Heard et al., 2011).  
 
At the time of surgery, surgical groups received an injection of Liquamycin (Pfizer 
Canada, Inc., Kirkland, QC, Canada) at 24hrs pre- and post-surgery; and Atro-Sa 
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(Rafter Products, Calgary, AB, Canada), Acevet (Vetoquinal, Inc, Lavaltrie, QC, 
Canada), Temgesic (Schering-Plough, Hertfordshire, UK) as a pre-anaesthetic. 
Surgeries were performed under general halothane anaesthesia. Before closure, the 
surgical sites were flushed with saline and Penicillin G Sodium (Novopharm 
Limited, Toronto, ON, Canada). Deep layers were closed with 2-0 Vicryl sutures 
(Ethicon Inc., Markham, ON, Canada), and the skin was closed in two layers with 2-
0 PDS II (Ethicon). The skin was sprayed with Gentocin (Schering-Plough Animal 
Health Corp, Union, NJ) and Op-site (Smith & Nephew, Hull, UK). Upon recovery, 
following surgery, each animal received an injection of Anafen (Merial Canada, Inc., 
Daie d’Urfe, QC, Canada). 
 
3.3.2.1.1 Non-operated controls 
A group of non-operated controls were age matched and housed for the same 
duration of time as each of the surgical and sham experimental groups. All sheep 
received 40 minutes of exercise on a treadmill, at the same time of day, with the 
same exercise regime, and the same portion of food every day. 
 
3.3.2.1.2 Anterior Cruciate Ligament/Medial Collateral Ligament transaction and 
sham 
The midline of the patellar tendon midline was opened and the MCL cut 
midsubstance by transection at the joint line perpendicular to its long axis. The 
lateral retinaculum was incised from the patella to the tibia to dislocate the patella 
medially with the joint in extension. The joint was flexed to expose the joint space, 
and the fat pad displaced to expose the ACL. The ACL was hooked and transected 
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perpendicular to the long axis through the full thickness of both bands. The joint was 
then closed. Sheep were sacrificed at 20 weeks post-injury (n=7) 
 
The surgical sham control group involved the same surgical approach, but without 
ligament transection. Sheep were sacrificed at 20 weeks post-injury (n=3) 
 
3.3.2.1.3 Anterior Cruciate Ligament core group and Sham 
For the ACL core group, the lateral stifle joint was opened and the patella dislocated 
medially to expose the ACL. The lateral femoral epicondyle was marked with a 
guide pin along the long axis of the femoral insertion of the ACL. A dry pneumatic 
drill with a hollow bore coring device was fitted over the guide pin and used to core 
out the uninjured ACL on its femoral insertion. Two perpendicular lines were 
cauterized on the core as reference points to aid in the replacement of the core. The 
core was then removed with a small, thin osteotome and mallet, separating the bone 
core and attached ACL insertion from the femoral bone. The guide pin then enabled 
the core to be fixed in place using two crossed Kirschner wires (Zimmer, Inc., 
Warsaw, IN). The joint was then closed. Sheep were sacrificed at 2 weeks post-
injury (n=7). 
 
The surgical sham control group involved the same surgical approach, including a 
similar arthrotomy and temporary patellar dislocation, however, coring went only 
half way through the femur. Sheep were sacrificed 2 weeks post-injury (n=3). 
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3.3.2.1.4 Lateral meniscectomy and sham  
The lateral meniscus was chosen for removal as it carries a larger proportion of the 
load relative to the load borne directly by the cartilage in the lateral compartment, 
and has been well characterized (Little et al., 1997). To remove the lateral meniscus, 
the lateral stifle joint was opened along the midline of the patellar tendon, and the 
joint capsule dissected to access the anterior and posterior horns of the lateral 
meniscus. The meniscal horns and meniscofemoral ligament were transected, and the 
meniscus was removed. The joint was then closed. Sheep were sacrificed at 20 
weeks post-injury (n=6) 
 
The surgical sham control group involved the same surgical approaches including a 
brief, controlled, medial dislocation of the patella and dissection of the medial joint 
capsule. Sheep were sacrificed at 20 weeks post-injury (n=4). 
 
3.3.2.2 Histological preparation 
The stifle joints of 45 skeletally mature female Suffolk-cross sheep were prepared 
for histological examination and grading as outlined in Moody et al., (2012). 
Animals were sacrificed between 2-20 weeks post-injury with Euthanyl (Bimeda-
MTC, Cambridge, ON, Canada). Cartilage biopsies were removed from 15 
anatomically defined locations within the stifle joint including the patella, femoral 
head and tibial plateau from the left and right knee joints to maximize the observable 
variation in cartilage architecture and degeneration. These locations included (Figure 
17): anterior patella; posterior patella; anterior femoral grove; central femoral 
 groove;
femoral
anterior
plateau;
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3.3.2.3 Trichrome histological staining procedure 
Prior to histological staining, sections were hydrated through graded ethanol (100, 
95, 70%) and distilled water for 1 min each. Sections were then stained in trichrome 
stain, which includes three colour components for the purpose of staining the cell 
nuclear material (Hematoxylin - black), proteoglycans (Safranin O - red), and 
remaining matrix absent of proteoglycans (Fast Green - blue/green) different colours. 
Slides were stained in Hematoxylin for 20 mins, allowed to (turn) blue in running 
water for 15 mins, counterstained in fast green for 5 mins, and rinsed in 1% acetic 
acid for 1min. Slides were quickly rinsed in distilled water, followed by 
proteoglycan staining in Safranin-O for 2 mins. Finally, slides were dehydrated in 6 
x 1sec dips of graded ethanol (70, 95, 100%) before clearing in three changes of 
xylene for 5 mins each, and then mounted in permount. 
 
3.3.3 Tissue grading 
An established Modified Mankin grading system (Little et al., 1997, Oakley et al., 
2004) provided histological grading of degeneration for Trichrome-stained cartilage 
sections. This method was chosen to enable the most thorough deconstruction of 
histological cartilage damage. The scores for each of the parameters used, namely: 
surface integrity, cellularity (change in cell number), cell cloning, and Safranin-O 
staining intensity, are presented in Table 3. 
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3.3.4 Statistical analysis 
Cartilage samples were allocated into one of three compartments: patella and 
femoral groove; lateral condyle and tibial plateau; medial condyle and tibial plateau. 
Data from each compartment were sorted to identify the sample location with the 
highest individual Modified Mankin scores for each sheep, in each treatment group. 
This data was then analysed using the Kruskal-Wallis test with Dunn's Multiple 
Comparison test. Significance was accepted at P<0.05. 
 
3.3.5 Human Cartilage 
3.3.5.1 Sample preparation 
Fresh human articular cartilage was obtained from consenting patients undergoing 
total knee replacement surgery (1 female aged 89 and 1 male aged 69), and from 
cadaver (1 male aged 79). All cartilage was utilized from the specimens across the 
femoral condyles, tibial plateau and patella. Cartilage-on-bone blocks were cut to 10 
x 10mm samples with approximately 4mm bone remaining and bathed in saline in 
between testing.  
 
3.3.5.2 Near Infrared Spectroscopy 
Diffuse reflectance near infrared spectroscopy was acquired in diffuse reflectance 
mode, using a Bruker MPATM (Multi-Purpose Analyser) FT-NIR spectrometer 
(Bruker Optics, Germany). The fibre optic probe consists of 100 optical fibre 
bundles: ø = 600µm per strand, 50 fibres per set; one set for transmitting the NIR 
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light and the other for receiving the reflected light from the specimen. The 
spectrometer was connected to a personal computer running Bruker OPUS 6.5 
software, which controlled the sample measurement of the NIR and spectral data 
acquisition. 
 
Prior to scanning, a reference spectrum was taken from a spectralon reflectance 
standard – SRS-99 (Labsphere Inc., North Sutton, USA), embedded in the 
spectrometer. Cartilage on bone samples were placed on a steel plate. A rig attached 
directly above the steel plate held the probe stable during probing. Saline solution 
was pipetted onto the surface of the cartilage to ensure maximum cartilage hydration. 
The probe was lowered until it touched the cartilage surface and tightened into place. 
Spectral data was obtained over the full range of the NIR spectrum at 16 cm-1 
resolution, with each spectrum averaged over 64 scans.  
 
3.3.5.3 Histological preparation 
Following NIR testing, cartilage sections were removed from the bone and 
immediately embedded in optimal cutting temperature (OCT) medium (IA018, 
ProSciTech), and frozen at -80°C for sectioning. Tissue blocks were adhered to 
metal ‘chucks’ and locked into place in a Leica CM1850 cryostat. The temperature 
was maintained between -21 to -23 degrees Celsius. Cartilage was then 
cryosectioned at 7µm thickness and mounted on Silane coated StarFrost microscope 
slides (G312Si-W, ProSciTech), before drying in a 40ºC oven for up to one week.  
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3.3.5.4 Trichrome histological staining procedure 
While the staining method described here is almost identical to the trichrome method 
used for ovine samples, the two procedures were performed in different countries, 
with different suppliers, hence the separate outline of each of the methods. Prior to 
histological staining, sections were allowed to cool to room temperature before 
hydrating in distilled water for 1 min. Sections were then stained with trichrome 
stain as follows. Slides were stained in fresh Weigerts Hematoxylin (1 part solution 
A: 1g Hematoxylin (51260, Sigma-Aldrich) in 100ml 95% ethanol + 1 part Solution 
B: 4ml ferric chloride (F2877, Sigma) 29% aqueous solution, 95ml distilled water, 
1ml concentrated hydrochloric acid (HCl) (320331, Sigma-Aldrich) for 10 mins, 
rinsed in distilled water, allowed to blue in 1% ammonia water (0.01ml ammonium 
hydroxide solution (221228, Sigma-Aldrich) + 1ml distilled water), rinsed in 
distilled water, differentiated in 5% acid alcohol (0.5ml concentrated HCl + 100ml 
70% ethanol), rinsed in distilled water, counterstained in 0.05% fast green (F7252, 
Sigma-Aldrich) for 5 mins, and rinsed in 1% acetic acid (0.01ml glacial acetic acid 
(695092, Sigma) + 1ml distilled water) for 1min. Slides were quickly rinsed in 
distilled water, followed by proteoglycan staining in 1% Safranin-O (S2255, Sigma-
Aldrich) for 2 mins. Finally, slides were dehydrated in 6 x 1sec dips of each graded 
ethanol (70, 95, 100%) before clearing in three changes of xylene (FSBX/0250/17, 
Thermo Fisher Scientific) for 5 mins each, and then mounted in permount (IA019, 
ProSciTech) and coverslipped. 
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3.3.5.5 Tissue grading 
Histological images were captured by an Aperio Scanscope (Aperio, USA) at 40x 
magnification. Cartilage thickness was measured by Aperio ImageScope digital 
imaging analysis software at 6 locations across each histological section and 
averaged. Sections were then graded by three medically trained graders: Hayley 
Moody, PhD candidate, MEng, BSci, BEd; Dr Wendy Moody PhD, MBBS; and Dr 
Rowland Moody BVSci. The modified Mankin grading method described in Chapter 
3 was implemented, and the average scores determined. To promote standardization, 
each observer received instructions from the same instructor prior to grading. The 
pannus area score and severity were developed at a later stage and assessed twice by 
experienced histologist, Hayley Moody, and the average score determined. 
 
3.3.5.6 Second Harmonic Generation Imaging  
Following cryosectioning, the remaining uncut tissue sections of 5 human samples 
were fixed in 4% paraformaldehyde overnight. These samples were chosen due to 
their different patterns of pannus observed in their corresponding histological 
sections. The last cryosectioned surface of the remaining uncut samples were placed 
face up on the microscope stage to provide a directly comparable image to the 
corresponding histological image of the tissue directly adjacent. These samples were 
then imaged using a LaVision biotek multiphoton system with a Titanium-Sapphire 
tunable laser at 835nm wavelength to generate a SHG signal for collagen. Z-stacks 
were acquired through approximately 120um thickness at 2um intervals and 
reconstructed using Imaris software. 
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3.4 Concluding remarks 
The aim of this thesis is to determine whether or not histological grading can be 
adapted for treatment applications, and if possible, how this can be done to a high 
degree of accuracy and confidence. The approach and methodology outlined in this 
chapter will enable this aim to be achieved by: 
 Understanding the cartilage networks and their interactions through 
histological grading of various stages of degeneration, which is best achieved 
through the investigation of animal models of health, repair and OA  
(Chapter 4) 
 Exploring the correlation between NIR and histological grading of human 
OA cartilage (Chapter 5) 
 Investigating histological signs of pannus to SHG imaging to determine if 
they relate to cartilage network health (Chapter 6) 
 Re-exploring the correlations between NIR and histological grading with the 
addition of pannus as an indicator of collagen type II network health  
(Chapter 7) 
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4 A rigorous assessment of the Modified 
Mankin grading method to distinguish 
varied histological manifestations of 
cartilage network and associated 
degeneration 
 
4.1 Introduction 
In order to determine if histological grading can be adapted for treatment 
applications through correlation with NIR, we need to fully understand the cartilage 
networks and their interactions through histological grading of various stages of 
degeneration. To achieve this, an analysis of a Modified Mankin scoring systems in 
sheep models is conducted here, by accounting for individual components of the 
total score, especially when different conditions produce the same total Modified 
Mankin score. It is envisioned that this extension will provide a more rigorous 
assessment to classify the various stages and mechanisms of cartilage network 
disorganization and associated degeneration. This is expected to then provide a better 
correlation to NIR characterization of cartilage networks. 
76 
 
4.2 Results and Analysis 
4.2.1 Histology 
Histological grading was carried out on 1352 cartilage specimens taken from 
standardized regions across the patella, femoral groove, femoral condyles and tibial 
plateau. These were then graded with a Modified Mankin system on a scale from 0 
(normal) to 23 (severely degenerated). The grading examples outlined by Little et al., 
(2010), agree with the degeneration observed in the sheep models in this work. 
Slight colour variations in the blue and red stains observed in the histological 
sections are due to different batches of stains used. 
 
Surface irregularities were observed from early through to severe (Figure 18). Clefts 
were observed throughout the various zones, with and without concomitant damage 
from the other parameters, including surface irregularities (Figure 19). Care was 
taken to distinguish between artifact clefts caused possibly by scalpel blades during 
excision, and naturally occurring clefts. This was evident through clean cut new 
surfaces verses a subtle torn new crack surface, and slight changes to the cells and 
proteoglycans in the immediate area. Cell cloning was observed from doublets, 
triplets, through to multiple cell nests (Figure 20). Cellularity varied from normal, to 
hyper- and hypo-cellularity (Figure 21). Proteoglycan loss was observed across all 
scores outlined in the Modified Mankin grading method (Figure 22). Pannus-like 
tissue was observed extensively across most sheep samples, ranging from very early 
mottling of the stain in the form of the Benninghoff arcade to the appearance of 
tissue separation (Figure 23). 
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Figure 18 Surface irregularities demonstrated by trichrome stained ovine articular 
cartilage: normal smooth surface (A), slight surface roughening (B), moderate surface 
roughening (C), and severe surface roughening (D) 
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Figure 19 Clefts demonstrated by trichrome stained ovine articular cartilage: into 
transverse zone without concomitant damage (A), into transverse zone with cellular 
damage and proteoglycan loss (B), and into radial zone with pannus (indicated by 
mottling of stain) and surface irregularities (C). Unevenness of cleft and pulled fibres 
at new surface suggests A is not a result of artifact by scalpel.  
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Figure 20 Cell cloning demonstrated by trichrome stained ovine articular cartilage: 
doublets (A), doublets and triplets (B), and multiple cell nests (C) 
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Figure 21 Cellularity demonstrated by trichrome stained ovine articular cartilage: 
slight localised hypercellularity in the surface zone (A), severe localised 
hypercellularity (B), extensive localised hypocellularity (C) 
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Figure 22 Proteoglycan loss demonstrated by trichrome stained ovine articular 
cartilage: normal (A), slight loss (B), loss to radial zone (C), loss to interterritorial 
matrix (D), only present in PCM (E) 
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Figure 23 Pannus-like tissue demonstrated by trichrome stained ovine articular 
cartilage:  very early mottling and some minor tissue separation in surface (A), 
directional mottling resembling Benninghoff arcade (B & C), and increased tissue 
separation throughout entire cartilage depth (D)  
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4.3 Histological manifestations 
Representative results from normal ovine and surgical ovine injury models, and from 
various locations across the knee joint, are presented in Figure 24. The combination 
of normal and various surgical injury models provides a vast range of manifestations 
of cartilage degeneration to enable full characterization of cartilage repair and 
degeneration. Normal cartilage with no degradation (Figure 24A) accounts for 7.8% 
(n=106) of all cartilage specimens reviewed. Cartilage with proteoglycan loss alone 
(Figure 24B-C) accounts for 24.6% (n=333), ranging from slight reduction in 
Safranin-O stain, through to complete loss of Safranin-O staining. In total, 84.0% 
(n=1136) of all samples show signs of Safranin-O stain loss, with Grade 3 Safranin-
O stain (i.e. those with proteoglycan reduction in the interterritorial layers) occurring 
most frequently (31.4% of the subset, n=357) (Figure 24B).  
 
Slight to severe surface irregularities are observed in conjunction with Safranin-O 
stain loss and occasional cellular changes (39.7%, n=537) (Figure 24D). Clefts are 
identified in cartilage samples containing only minor Safranin-O stain loss, with no 
other form of damage (6.6%, n=89) (Figure 24E), or with additional damage types 
(6.0%, n=81) (Figure 24F). Some specimens display fibrillation that appears to vary 
in accordance with increasing severity of surface irregularities (Figure 24G), or as a 
progression of cleft formation (Figure 24H), both associated with varying degrees of 
additional types of damage (100% of the subset, n=52). Cellular changes are 
observed with no other forms of damage (1.5%, n=20), or with minor surface 
irregularities and loss of Safranin-O staining (22.8%, n=308) (Figure 24I-J), through 
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Signs of pannus-like tissue are identified in sections ranging from integrated fibrous 
tissue to the underlying ‘normal’ smooth textured cartilage (Figure 24G, H & J), 
through to distinct junctions between pannus and smooth textured cartilage (Figure 
24L). They are observed in mildly degenerated cartilage through to severe OA 
cartilage. 
 
4.3.1 Influence and relevance of individual parametric scores 
Examination of individual parametric scores show that all grading components of the 
matrix including surface integrity, cell configuration and proteoglycan loss 
(Safranin-O staining intensity), may depreciate without concomitant effect from the 
other components (Figure 25). Individual parametric degradation without 
concomitant effect from other parameters account for 30.9% (n=418) of all samples. 
Of these, surface integrity accounts for 16.0% (n=67) of single parametric 
degradation, with 10.5% (n=44) due to slight surface irregularities (Score=1), and 
the remainder due to moderate and severe surface irregularities, and cracks, possibly 
caused by impact blows. Similarly, changes to cellularity (cell number) and cell 
cloning are minor (4.3%, n=18), with no damage to other matrix scoring parameters. 
Loss of Safranin-O staining is most common, attributable to 79.7% (n=333) of single 
parametric degradation without contribution from other damage indicators. Of these, 
the most commonly observed type are samples with reduction of Safranin-O stain in 
the interterritorial layer of the matrix (Score=3), with 28.0% (n=117) of single 
parametric degradation specimens showing this form of degeneration.  
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The large and varied distributions of the degenerative component/parameters 
contributing to the total Modified Mankin grade are illustrated in Figure 26. This is 
especially pronounced at the lower values of the total Modified Mankin grading 
scores where the grading is usually dominated by surface integrity and Safranin-O 
staining scores only; both of which exhibit inconsistencies and significant variability. 
 
 
Figure 26 Variability of individual parametric scores within total Modified Mankin 
score (different shades represent different concatenations/combinations of individual 
scores making up a total score) (Moody et al., 2012). 
 
 
Histological examples of cartilage samples of ‘similar severity' as represented by the 
total grading score are presented in Figure 27. These display a large variation in their 
patterns of degeneration or manifestation of disease. For example, both the samples 
in Figure 27E and F received a total Modified Mankin grade of 11; however the 
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4.3.3.2 Cellular distribution and location
 
Figure 30 Trichrome stained ovine articular cartilage demonstrating variation in cell 
distribution across the knee joint. Two examples are provided from each location. 
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Trends in normal cellular distribution and concentration are observed in specific 
locations on the knee joint, irrespective of the sheep, age or injury model (Figure 
30). Patterns in cell distribution include single and double cell chondrons (Figure 30 
A1, C1, F1, F2), multiple cell chondrons (chains) in the transitional and radial zone 
(Figure 30 A2, C2, D1, D2, E1, E2), and mirrored cell chondrons (B1, B2). While 
combinations of single and multiple cell chondrons may be present in most locations, 
the femoral groove consistently shows the mirrored cell chondron pattern. This 
pattern is seldom observed in other locations in the knee. 
 
4.3.4 Statistical analysis of animal model degeneration 
Not surprisingly, sheep that underwent lateral meniscectomy show significantly 
higher total modified Mankin grades in the lateral compartment than other sheep 
(Figure 31). When this score is broken down into the individual parametric scores, 
meniscectomised sheep show much higher scoring in the lateral compartment than 
any other treatment group for surface integrity, cellularity and cloning, but lower 
scoring for proteoglycan loss. Furthermore, when the highest scores from each 
location in each sheep are examined, the scores for structural integrity, cellularity 
and cell cloning show an increasing trend in the severity of disease with more 
destructive treatment. Proteoglycans however, while showing a slight decrease in 
staining loss with increasing treatment severity, exhibit near the full range of scoring 
from 1-4 for four of the five treatment groups.   
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4.4 Concluding remarks 
The objective of this chapter was to re-evaluate the Modified Mankin grading system 
with specific and detailed analysis of individual histological parameters to lead to a 
more meaningful correlation between the NIR characterization of structural networks 
and histological grading of morphological features of cartilage health. Throughout 
this process, the following outcomes were identified: 
 There is added value in individual scores (provides information about 
different types of degeneration) 
 Macroscopically normal cartilage may contain severe cellular and 
proteoglycan changes that are undetectable through arthroscopy (highlighting 
the value of a clinical device capable of detecting these parameters) 
 Cell distribution is greatly varied across different locations 
 The mirrored cell chondron pattern commonly observed in the upper femoral 
groove can appear similar to patterns in cell cloning. This may lead to 
erroneous scoring of cells that are naturally distributed in this way.  
 Cellularity score may be made more objective by assessing localised changes 
in cell number and disorganization rather than estimating global changes 
(which is made difficult by the large variability reported between location, 
species, gender etc.) 
 Grading of clefts appears to be a non-linear feature of the surface integrity 
parameter  
 Pannus-like tissue is prevalent in early through to late stage degeneration and 
should be further investigated as a possible change to collagen network 
health 
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 Analysis of individual parametric scores enables potential insight into 
different degenerative manifestations resulting from different injury models 
 Proteoglycan fluctuation in health, repair and degeneration could alter a total 
score and skew results 
For the purpose of correlating histological grading and NIR spectroscopy, 
modifications will be made to the Modified Mankin grading parameters and the 
application of this system based on the aforementioned outcomes. This will include 
changes to the cellular parameter, use of the grading system as individual parametric 
scores rather than a total score, and awareness of non-linearity of clefts and 
fluctuation of proteoglycans. 
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5 Extension of the individual parameters of 
the Modified Mankin Method for non-
biopsy, real time assessment of cartilage 
health 
 
5.1 Introduction 
The Modified Mankin method is a very good tool for the assessment of cartilage 
health within the laboratory. However it is deficient in its current intended use in that 
a total score cannot distinguish between two samples with the same score yet two 
very different manifestations of disease. Given that we can resolve these issues by 
extending the Modified Mankin method to its individual parametric scores, we can 
now explore the potential of this laboratory application to be adapted for clinical 
application. The goal is not to eliminate histological grading, as it provides the only 
known morphological and physiological health of cartilage. This thesis is concerned 
with taking a well-established laboratory process and attempting to adapt it to a 
clinical setting. NIR provides that potential, with correlations already being derived 
for NIR spectra and macroscopic health (Spahn et al., 2007, Spahn et al., 2008, 
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Brown et al., 2011), cartilage thickness (Afara, 2012, Afara et al., 2012), water 
content in cartilage (Spahn et al., 2008), mechanical stiffness (Spahn et al., 2008) 
and artificial degradation (Brown et al., 2007a). 
 
NIR has been shown to correlate to a total Mankin score in rats (Afara et al., 2012) 
and sheep (Spahn et al., 2008), indicating that NIR is sensitive to increasing broad 
degenerative changes. However, we are yet to determine if it is sensitive to specific 
degenerative changes occurring to individual histological parametric matrix 
constituents in human cartilage. While NIR has been shown to be sensitive to 
changes in proteoglycan content, it is yet to be ascertained whether the NIR spectra 
can distinguish between specimens with the same proteoglycan concentration but 
different distribution, for example, a specimen with low proteoglycan staining due to 
severe proteoglycan loss, and one with low uniform proteoglycan staining across the 
depth. 
 
This chapter scrutinizes the NIR spectra and the individual histological parameters to 
determine if NIR is sensitive to specific morphological changes in cartilage, thereby 
demonstrating the potential of adapting histology for non-destructive, real-time 
assessment of cartilage health.  
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5.2 Results 
5.2.1 Individual histological parametric correlation to NIR 
spectrum 
The NIR absorbance spectrum of each sample was baseline corrected and colour 
coded according to their individual histological grades and then studied to identify 
trends at specific peaks and troughs. Absorbance values were then extracted from the 
NIR spectral data, and individual histological grades were plotted for each sample 
against their corresponding absorbance value at different peaks and troughs across 
the entire spectrum (Figure 32). The two major peaks at 6667 – 7200cm-1 and 4500 – 
5400cm-1 were not considered for correlation as there is a near-complete absorption 
of the NIR light in these regions due to the saturation effect of the OH bond in the 
water (cartilage is 80% water), and so cannot provide meaningful information on the 
solid cartilage components. The graphs presented here show the wavenumber with 
the best linear trends, or separation of scores, based on their corresponding 
absorbance value, for each of the individual parameters. 
  
Figure 3
99
2 Process of
 
 analysing results 
 
 Surface
spectrum
surface 
samples
and 8, w
mid-late
fall belo
 
Figure 
 
 
The res
absorba
the cart
 integrity s
. Figure 
integrity s
 from 0.59
hich were 
 stage deg
w 0.59 abs
33 NIR abs
ults here s
nce, possib
ilage surfac
cores show
33 demons
core at wav
 to 0.96 ab
the most co
eneration o
orbance un
orbance val
sam
how little 
ly due to t
e to form a
 no clear 
trates the r
enumber 5
sorbance un
mmonly o
bserved in
its.  
ues and cor
ple at wave
to no corre
he probe g
 solid surfa
100 
trends to N
elationship
790cm-1. T
its with su
ccurring sc
 human ca
responding
number 57
lation betw
ently comp
ce (Figure 3
IR absorb
 between 
here appe
rface integ
ores for this
rtilage, The
 Surface int
90cm-1 
een surfac
ressing the
4). 
ance units 
absorbance 
ars to be a 
rity scores 
 parameter
 remaining
egrity score
e integrity 
fibrillated 
across the 
units and 
cluster of 
between 7 
 due to the 
 ‘outliers’ 
 
s for each 
score and 
fingers on 
101 
 
 
Figure 34 Representation of NIR probe resting on fibrillated cartilage surface 
 
 Scores of 0 and 1 (normal and minor surface irregularities) were absent from the 
sample group due to the degradation of most of the cartilage. Scores of 5 and 6 
(clefts) were also absent, possibly due to the chronic degeneration related to the age 
of the cartilage. Clefts were almost exclusively observed with some form of 
fibrillation.  
 
NIR absorbance spectra showed some trends with cellularity and cell cloning scores 
(Figure 35 and Figure 36 respectively). Healthier cell behavior denoted by lower 
cellularity and cloning score, appears only at higher NIR absorbance values. 
Increased cellularity and cell cloning scores exhibit NIR absorbance across the entire 
absorbance range; however lower absorbance units are seen only for samples with 
increased cellularity and cloning behavior. Absorbance values below 0.7 at 
wavenumber 5600cm-1 represent samples with a histological cloning score greater 
than 2.5 and cellularity score greater than 1.5.  
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To use NIR in the most beneficial way, we need to include the entire array of 
networks, the largest of which is collagen. Without incorporating the collagen 
network, NIR would be unreliable. It is anticipated that pannus may provide the 
extra parameter needed to move closer to demonstrating the potential of adapting 
histological grading for non-destructive, real-time assessment of cartilage health. 
This may further distinguish between healthier (lower histological scores) and more 
degraded (higher histological scores) samples with higher NIR absorbance values. 
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6 Identification of histological markers of 
collagen degeneration in articular cartilage    
 
6.1 Introduction 
Collagen is the basic structural element of the cartilage matrix, however it remains 
under-represented in histological grading, and therefore, NIR. Histology currently 
enables characterization of the collagen structural network through irregularities and 
fibrillation to the articular surface (trichrome or hematoxylin and eosin staining 
methods), and determination of spatial orientation (birefringence).  
 
The histological appearance of pannus tissue may hold the key to a more collagen 
based morphological sign of cartilage health. Pannus, denoted by the interaction of 
the matrix constituents to the histological staining resembling a mottling effect and 
rarefication (tissue thinning), has been observed in this laboratory to resemble a 
deteriorating Benninghoff arcade (Benninghoff, 1925) (Figure 39); however this is 
yet to be reported. It is therefore predicted that pannus may provide some insight into 
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the health of collagen network, and if this is shown, should therefore be considered 
as an important morphological sign of cartilage health.  
 
Figure 39 Histological appearance of pannus resembles a deteriorating Benninghoff 
arcade as demonstrated by black line inserts. Ovine articular cartilage stained with 
Trichrome stain (H Moody, unpublished data). 
 
The appearance of pannus has been previously associated with macroscopic damage, 
however damage may be masked by a resurfacing by the fibrous tissue, thereby 
appearing smooth of surface, and resulting in an underestimation of the osteoarthritis 
assessment (Barley et al., 2010). Observations of pannus-like tissue in previous work 
in this laboratory suggest that pannus may be evident whether the surface integrity is 
relatively intact, or severely fibrillated. This infers that pannus-like tissue may be 
partially independent of the state of surface integrity, and should therefore be 
considered as a separate parameter.  
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To confirm the relationship between collagen destructuring and pannus-like tissue, 
we use Second Harmonic Generation (SHG) microscopy, which is sensitive to 
changes in the collagen architecture (Mansfield et al., 2008), to provide 3D images 
of the transverse surface of the cartilage.  An organised collagen network generates a 
strong signal influenced by a common directionality of neighboring fibres (Yeh et 
al., 2003, Brockbank et al., 2008), whereas a redistribution of collagen fibrils forms a 
disorganised structure leading to an SHG emission in every spatial direction and 
therefore, a weaker signal (Werkmeister et al., 2010). We further explore the 
relationship between the pannus-like tissue and changes occurring to the traditional 
parameters of the histological grading methods in human and ovine cartilage to 
determine if there is due cause for the addition of a separate pannus parameter. 
Finally, we identify the relationship between pannus formation and the level/extent 
of degradation. 
 
6.2 Results 
6.2.1 Histology 
Histological images in this study present many different stages of cartilage 
remodeling and degeneration in both human and ovine tissue. Here, we are interested 
in the textural appearance of the tissue and its relationship to the traditional 
hallmarks of histological degeneration, i.e. structural integrity, cellular changes and 
proteoglycan staining.  
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6.2.1.1 Morphology of pannus in human cartilage 
In what appears to be a pre-cursor to signs of rarefaction or early pannus, there is an 
obvious ‘mottling effect’ of the tissue as shown by the Safranin-O and Fast Green 
stains (Figure 40A). This is quite different from the more uniform loss of Safranin-O 
more commonly observed in cartilage samples, and outlined in grading methods, 
where staining is seen to first be lost in the interterritorial layer, followed by loss in 
the PCM (Figure 40C). The cells (nuclear material of cell stained with 
Haemotoxylin/dark blue stain) at this stage may appear ‘normal’ or show signs of 
combined localized hypercellularity and hypocellularity, and disorganisation. 
 
The first signs of rarefaction include the appearance of a decrease in tissue density 
similar to the effect of stretching dough to the point before holes appear. Rarefaction 
appears at or near the surface of the cartilage, evident in the fibrillated tips (Figure 
40B) or penetrating into the articular surface (Figure 40C), and deeper into the 
cartilage as rarefaction becomes more severe. The junction between the pannus-like 
tissue and the ‘normal’ tissue is observed to be either a distinct line (a marker of 
vascular type tissue) (Figure 40D), or as an integrated tissue type (a marker of 
fibrous tissue) (Figure 40E). Cellular observations in both types of pannus-like tissue 
include areas of localized hypercellularity resembling cellular infiltration from the 
synovium, alongside areas of localized hypocellularity (Figure 40F).  
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As severity of rarefaction increases, hypercellularity may become more globalized 
(Figure 40G). Cell cloning is apparent in all tissue types (normal and pannus-like) 
and stages of severity (Figure 40A-H). Safranin-O staining appears to decrease or be 
completely absent in most pannus-like tissue. In cases where Safranin-O staining is 
increased directly below or throughout the pannus, this appears localised around 
cells, often with an enlarged and brightly stained PCM (Figure 40E). Blood vessel 
formation is observed in a number of samples, often surrounded by ‘mottled’ 
staining rather than rarefied tissue (Figure 40H). 
 
6.2.1.2 Morphology of pannus in ovine cartilage 
The morphological signs of pannus in ovine tissue appear similar to that observed in 
human cartilage in this study. The mottling effect of the stain is again apparent, and 
appears to highlight the directionality of the collagen fibres throughout the different 
cartilage zones (Figure 41A). The majority of pannus appears as a top down process, 
beginning at the articular surface and developing towards the bone with increasing 
severity. Pannus is also seen to be present in the radial zone, closer to the tidemark 
and subchondral bone, while the cartilage in the surface remains healthy in textural 
appearance (Figure 41B). Increasing severity of pannus is observed (Figure 41C, D 
& E), and finally total pannus is present throughout the entire depth (Figure 41). 
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Figure 41 Varying histological signs of pannus-like tissue in trichrome stained ovine 
articular cartilage (A-F). Slight variation in stain colour is due to different stain 
batches.  
 
 
6.2.2 Prevalence of pannus-like tissue in human and ovine 
specimens 
Pannus-like tissue is observed across all levels of health and degeneration in this 
study. Human specimens are largely OA, resulting in higher scores from the 
combined four Modified Mankin parameters. Despite this, the appearance of pannus 
is observed across most scores of the other parameters (Figure 42). This suggests 
that pannus is independent of the other histological parameters. Human specimens 
displaying pannus account for 96.7% (n=59), with only 3.3% (n=2) showing no signs 
of pannus. 
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Figure 42 Appearance of pannus within each of the histological parameters for human 
specimens 
 
 
A sample of ovine specimens including normal and degenerative models (n=576) 
were analysed to observe the occurrence of pannus in conjunction with the 
traditional histological parameters. Of these, 21.5% (n=124) specimens show no sign 
of pannus, compared with 78.5% (n=452) of specimens exhibiting pannus. Varying 
levels of pannus are again observed in conjunction with almost all other parametric 
scores (Figure 43), and in most of the compartments of the knee. Variation of pannus 
in earlier stage ovine cartilage degenerative samples further suggests that pannus is 
independent of the other histological parameters.   
 
114 
 
 
Figure 43 Appearance of pannus within each of the histological parameters for ovine 
specimens 
 
 
6.2.3 Correlation between second harmonic generation and 
histological images 
To observe changes in collagen architecture, we selected a range of different signs of 
pannus-like tissue including normal/smooth textural appearance (Figure 44); 
integrated normal-smooth textured tissue and pannus-like tissue (Figure 45 & Figure 
46); pannus-like tissue with distinct border (Figure 47); and complete 
disorganisation of cartilage (Figure 48). Three dimensional SHG images of cartilage 
samples were captured following histological cryosectioning on the surface that had 
last been cryosectioned, and therefore directly comparable to the histological images.  
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Changes to the cartilage textural appearance of histological slides in the pannus-like 
tissue regions correlate to collagen fibril aggregation in SHG images (as denoted by 
bright streaks). Cartilage with histologically ‘normal’ smooth textural appearance, 
and no visible pannus, displays a smooth SHG image with no streaking (Figure 44). 
 
 
Figure 44 Trichrome stained human articular cartilage histological section with 
smooth texture (A) and corresponding SHG image (B). Collagen appears as the smooth 
blue haze in the SHG image, and the darker circles depict lacunae (cell capsules) and 
the fibrillated surface at the top of the image. 
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6.3 Concluding remarks 
The objective of this chapter was to develop a new parameter capable of evaluating 
histologically defined pannus-like tissue to directly represent the health of the 
collagen network. The outcomes include: 
 SHG imaging demonstrates that histological pannus-like tissue observed 
through light microscopy is directly related to collagen 
reorganization/destructuring 
 Pannus development does not appears to be dependent on one or all of the 
histological parameters, and instead appears to develop at various rates 
alongside other histological parametric changes, indicating relevance for a 
new parameter 
 Pannus presents in a variety of manifestations including degrees of increasing 
collagen fibril aggregation (severity), angiogenesis, appearance of distinct 
line between pannus and normal cartilage, or integration of the normal and 
pannus-type tissues, increased collagen secretion surrounding PCM, and 
mottling of the trichrome staining 
 
In light of the variability in pannus morphology, it is proposed here that a simple 
scoring system for pannus should be related to rarefaction, based on the depth of 
damage through the different cartilage zones (Figure 49). This is comparable to the 
grading of rarefaction incorporated into the categorical grading of the OARSI 
method (Pritzker et al., 2006), where increasing score correlates to the increased 
spread of rarefaction. However, while pannus is observed to begin at the articular 
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7 Innovation of pannus as a new scoring 
parameter in non-biopsy, real time 
application 
 
7.1 Introduction 
The appearance of pannus-like tissue has been associated with macroscopic cartilage 
damage, however damage may be masked by a resurfacing by the fibrous tissue, 
thereby appearing smooth of surface, and resulting in an underestimation of OA 
assessment (Barley et al., 2010). We have already established that pannus is 
detectable through histology, and furthermore, histologically observed pannus is 
directly related to changes in the collagen architecture in the form of collagen 
aggregation.  
 
NIR spectroscopy has previously been shown to be sensitive to various signs of 
cartilage degeneration (Afara et al., 2012, Spahn et al., 2008), which is supported by 
early results in this work, particularly between human articular cartilage thickness 
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and NIR. We therefore hypothesize that NIR will be sensitive to pannus detection 
and consequently, changes to the collagen architecture. If successful, NIR may 
facilitate arthroscopic OA assessment through identification of pannus-like tissue in 
otherwise ‘normal’ appearing smooth surfaces. Furthermore, pannus represents the 
degradation of a major structural network component of the cartilage matrix, 
therefore the inclusion of pannus into a non-biopsy real time assessment system is 
anticipated to improve the correlation between histological grading and the NIR 
spectrum of human cartilage.  
 
If NIR is shown to be sensitive to the extent of pannus formation and/or the intensity 
of rarefaction (degree of tissue density loss), and therefore changes in the collagen 
network, this assessment framework could lead to further specification and 
eventually, the potential for surgeons to use NIR to distinguish between collateral 
OA damage and degenerative cellular changes. The choice of treatment method 
could be based on whether or not there is a viable collagen content remaining in the 
degenerating articular cartilage with consequences for the application of regenerative 
medicine approaches in joint treatment. 
 
7.2 Results 
7.2.1 Pannus histological score method 
The results from Chapter 5 indicate that pannus is primarily a top down process; 
however, in some cases, is seen to occur from the bottom up. The suggested scoring 
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method of pannus outlined in Chapter 5 is based on an increasing score representing 
increasing depth of pannus occurrence (Table 5 and Figure 50).  
 
Table 5  Histological pannus score 
Pannus Normal 0 
 Mottling, first sign of rarefaction in surface 1 
 Rarefaction in transitional zone 2 
 Rarefaction in radial zone 3 
 Rarefaction to calcified zone 4 
 
 
Figure 50 Trichrome stained histological representation of pannus score for articular 
cartilage 
 
However this does not allow for the scoring of pannus that has originated from the 
radial zone. Furthermore, pannus is commonly observed to be localised in one area 
of a histological section, or vary from early to severe within the one section. For the 
purpose of validating the use of NIR for the detection of pannus, and thereby 
changes to the collagen architecture, we have made the addition of staging, that is, 
the horizontal spread of pannus in a histological section (Table 6), rather than just 
the vertical progression of pannus through the zones. For ease, the horizontal spread 
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of pannus is divided into 4 compartments, or quarters (1/4, 2/4, 3/4, 4/4) across a 
histological section. Spread of pannus across 1/4 of the section, results in a score of 1 
for horizontal spread; 2/4 results in a score of 2; 3/4 scores 3; and 4/4 scores 4. The 
horizontal score can then be multiplied by the vertical score. It must be noted 
however that while this is an easy and convenient scoring system, it does present a 
non-linear system similar to the OARSI system (Pritzker et al., 2006), where some 
scores are not attainable (including a total score of 5, 7, 10, 11, 13, 14 and 15). 
 
Table 6 Histological pannus score and staging method for NIR. Vertical axis represents 
the vertical penetration of pannus into the cartilage zones. Horizontal axis represents 
the horizontal spread of pannus. These two scores can then be multiplied to form a 
combined pannus area score. 
 Horizontal pannus spread 
H
ist
ol
og
ic
al
 p
an
nu
s 
sc
or
e 
0 1 (1/4) 2 (2/4) 3 (3/4) 4 (4/4) 
1 1 2 3 4 
2 2 4 6 8 
3 3 6 9 12 
4 4 8 12 16 
 
 
Each specimen had multiple cryosections mounted onto histological slides that were 
also taken into consideration when grading the extent of pannus, to provide a 
representative indication of health of the entire NIR scanned biopsy (Figure 51). 
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Figure 52 NIR absorbance values and corresponding Pannus scores for each sample at 
wavenumber 5790cm-1 
 
 
Figure 53 NIR absorbance values and corresponding Pannus area scores for each 
sample at wavenumber 5790cm-1 
 
A pannus area score was developed to more accurately account for the area of tissue 
scanned by the NIR probe. This score incorporates the vertical score and the 
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To show if the severity of pannus, in conjunction with area spread of pannus, 
influences the NIR absorbance value, the pannus area score incorporating staging 
(Table 6) was plotted as either early, moderate or severe pannus (Figure 55). Early 
pannus includes mottling and minor forms of aggregation (Figure 54B). Severe 
pannus includes extensive separation of the tissue through collagen aggregation 
(Figure 54C). Moderate pannus includes sections that contain some early forms and 
a small area of near severe pannus, and therefore do not fit into either early or severe 
pannus groups.  
 
Figure 55 NIR absorbance units at 5790cm-1 and corresponding early, moderate and 
severe pannus area scores 
 
At wavenumber 5790cm-1 early pannus exhibits an absorbance value between 0.60 
and 0.90 and histologically appears to be more localized in area spread. Severe 
pannus presents as a localized change in tissue texture or total spread across the 
histological section, and ranges in absorbance values between 0.38 and 0.93. 
Moderate pannus ranged in absorbance values between 0.31 and 0.93. This 
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demonstrates that early and severe pannus appears to show trends in absorbance 
values; however there is still too much overlap to conclusively separate pannus of 
varying degrees of severity. 
 
NIR absorbance below 0.6 indicates moderate to severe pannus; however there is 
still a large degree of overlap between the two pannus groups shown in Figure 55.  
Upon further investigation, many of the severe pannus samples exhibiting higher 
absorbance values were quite thick throughout the entire sample or in parts of the 
sample (1.7-2.2mm), which supports our earlier findings that combinations of 
parameters may influence the NIR spectrum. 
 
7.2.3 Deciphering the Near infrared spectrum into bands of 
cartilage health 
In Chapter 4, cartilage samples with lower absorbance units in the range 6040 – 
5440cm-1 wavenumbers exhibit later stage degeneration associated with increased 
cellularity/disorganization of cells, cell cloning, extensive Safranin-O loss and 
cartilage thinning. Upon establishing here, that 100% severe pannus samples (pannus 
area score of 16 with severe pannus) can be grouped within an absorbance band 
between 0.39 and 0.51 at wavenumber 5790cm-1 (Figure 55) and furthermore, that a 
combination of the above parameters may further alter the spectra in specific ways, 
histological images were consulted alone (without NIR spectrum reference), and 
grouped into a number of different manifestations of morphology and health. The 
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spectra of these groups were then highlighted to observe how they fit within the 
spectra for all of the samples (Figure 56).  
 
Figure 56 NIR spectral bands of OA human cartilage of varying morphology and 
health denoted by different colours (bands: yellow, red, light green, orange, dark 
blue/green and outliers: dark blue) 
 
Upon close examination of the spectral bands in the area with wavenumbers  
6040cm-1 to 5440cm-1, five distinct groups of cartilage are observed, representative 
of varying cartilage morphology and health (Figure 57). Samples that are sorted into 
these bands exhibit relatively uniform traits across the entire histological section. 
There are a number of samples that cannot easily be grouped within one of the 5 
bands due to lesions or non-uniformity in the health of the entire sample. However 
since these outliers fall near or within the yellow, red and light green bands, they will 
be addressed with the analysis of each of the bands. Further in depth analysis will 
then identify methods for their distinction from the samples that belong within each 
of the bands. 
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shows early to severe changes, and cell cloning is again spread across all grades, 
with more samples exhibiting multiple cell nests. Safranin-O scores are spread across 
all grades, with most samples exhibiting early to moderate proteoglycan loss. Pannus 
is observed from early, moderate to extensive, but not 100% coverage. Cartilage 
within band 1 shows slightly more advanced cellular changes, increased pannus, and 
thinner sections. 
 
The outliers within band 1 appear to be thicker samples that may otherwise lie within 
band 0 if not for their localised lesions (Figure 59C & D). These lesions appear to be 
dominated by the appearance of more severe and extensive pannus throughout the 
histological sections. With the exception of one of the samples, most of these outliers 
show only early signs of Safranin-O loss, possibly due to the tissues attempt to repair 
the damage. Surface integrity ranges between moderate surface irregularities through 
to moderate fibrillation and some loss to the surface. Cellularity and cloning score 
highly, with cellular changes occurring primarily in the presence of pannus. This 
group of outliers within band 1 therefore appears to be predominantly characterized 
by more localized and extensive degradation.  
 
7.2.3.3 Band ‘2’ (light green band) 
Human cartilage sections within band 2 are characterized by severe pannus (Figure 
60). Four of the six samples show 100% severe pannus across the entire sample 
(Figure 60A & B), with two outliers exhibiting severe pannus lesions and loss to the 
surface resulting in a thinner section (Figure 60C). Cartilage sections show severe to 
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7.2.3.5 Band ‘4’ (dark blue/green) 
Band 4 represents cartilage that has almost completely worn away to the bone, to the 
point where no cartilage samples were obtainable during biopsy. 
 
7.2.3.6 Summary of Bands 
From the grouping of cartilage morphology and related NIR spectra observed here, 
thickness and pannus appear to be the predominant determinants of NIR absorbance. 
Thick cartilage with very little pannus correlate to a higher absorbance, however 
sever pannus lesions appear to result in 1 increase in grade (e.g. from band 0 to band 
1). Similarly, thinner cartilage correlates to moderate absorbance (band 1), however 
sever pannus lesions again appear to result in 1 increase in grade (e.g. from band 1 to 
band 2). 
 
7.2.4 Using NIR to determine general health of cartilage  
Based on the spectrum bands, a new NIR scoring system is proposed to enable a 
general categorizing of cartilage health, without the need for biopsy and histology. 
Based on the NIR absorbance value alone at 5790cm-1, it is possible to determine 
which band a sample would fall within the spectrum, and therefore the general 
histological characteristics of the sample. A brief description of the band number and 
corresponding description of health states is outlined in Table 7. This form of 
categorizing is reflective of combined histological grading such as Collins (Collins 
and McElligott, 1960) or the OARSI (Pritzker et al., 2006) methods. 
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Table 7 Description and scoring range of each of the spectrum bands 
Band Absorbance units at 5790cm-1 Description 
Individual Histological 
Parametric score range 
0 
(yellow) 
0.705 - 0.896  Surface integrity: clefts to 
fibrillation/loss to radial zone 
 Cellularity: normal to   
localised moderate increases 
and/or decreases 
 Cloning: several doublets to 
doublets and triplets 
 Safranin-O: reduction in radial 
zone to interterritorial zone 
 Pannus: Mottling to rarefaction 
in radial zone, no severe pannus 
 Thickness: 1.0-2.8mm 
Surface integrity              4-9 
Cellularity                        0-2    
Cloning                            1-4  
Safranin-O                       2-3 
Pannus                             4-10 
 
1 
(red) 
0.600 - 0.704  Surface integrity: severe surface 
irregularities to fibrillation/loss 
to radial zone 
 Cellularity: localised slight 
increases and/or decreases to 
globalised changes 
 Cloning: several doublets to 
multiple cell nests 
 Safranin-O: normal to no 
staining 
 Pannus: no pannus to severe 
pannus 
 Thickness: 0.5-2.0mm 
Surface integrity             2-9 
Cellularity                       1-3    
Cloning                           1-4  
Safranin-O                      0-5 
Pannus                            0-12 
 
2 
(light   
green) 
0.385 - 0.508  Surface integrity: clefts to 
fibrillation/loss to transitional 
zone 
 Cellularity: localised moderate 
increases and/or decreases to 
globalised changes 
 Cloning: many doublets to 
multiple cell nests 
 Safranin-O: slight reduction to 
no staining 
 Pannus: severe pannus lesions 
to 100% coverage 
 Thickness: 0.6-1.3mm 
Surface integrity             4-7 
Cellularity                       2-3    
Cloning                           2-4  
Safranin-O                      1-5 
Pannus                            5-16 
 
Continued next page 
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Band Absorbance units at 5790cm-1 Description 
Individual Histological 
Parametric score range 
3 
(orange) 
0.310 – 0.326  Surface integrity: 
fibrillation/loss to radial zone 
 Cellularity: localised moderate 
increases and/or decreases to 
globalised changes 
 Cloning: multiple cell nests 
 Safranin-O: reduction in 
interterritorial zone to only 
present in PCM 
 Pannus: rarefaction in radial 
zone to severe pannus 
 Thickness: 0.2-1.4mm (mostly 
fibrillation to bone) 
Surface integrity             8 
Cellularity                       2-3     
Cloning                           4  
Safranin-O                      3-4 
Pannus                            4-10 
 
4 
(dark 
blue/green) 
0.205 – 0.215  Loss of cartilage Bone 
 
Based on the average absorbance units of each band in the NIR spectrum, we can 
observe a simplified representation of decreasing band number and decreasing 
average absorbance units at 5790cm-1 (Figure 62).  
 
Figure 62 Plot of spectrum bands and their average absorbance units at 5790cm-1 
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7.2.5 Using NIR to determine individual histological parameters 
of cartilage 
Bands 0 and 1 in Table 7 include a large range of absorbance units and the individual 
histological scores appear quite varied with much overlap between the different 
bands. Across all of the bands, decreasing band number represents increasing 
degeneration, however the inclusion of the outliers that fall within and around each 
of the bands increases the variability seen in the scoring range in Table 7. 
Furthermore there is little to no direct correlation observed within each band between 
the individual histological parameters and where a sample lies within that band. 
However by looking at other parts of the spectrum, and/or by normalizing the 
absorbance units with specimen thickness, we can begin to see trends between NIR 
and individual histological parameters. 
 
Once the samples are sorted into their bands, according to their absorbance units at 
5790cm-1, it is possible to carry out further calculations to determine more specific 
information about the individual histological indicators of cartilage health for the 
yellow and red bands. The light green, orange and dark blue/green bands contain 
small sample sizes and are less varied within their bands, and so further analysis of 
these bands are not addressed in this work. 
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7.2.5.1 Band 0 
Human cartilage samples within band 0 are characterized largely by greater 
thickness, and fibrillation into the surface, transitional and upper areas of the radial 
zone. NIR does not appear to be sensitive to surface integrity, since the fibrillated 
tips fold down onto the intact underlying cartilage. However, surface fibrillation can 
be assessed sufficiently through arthroscopy, and the correlation between NIR and 
thickness are already established (Afara, 2012). Therefore a combined NIR reading 
and visual inspection of the cartilage surface could enable assessment of cartilage 
thickness and surface integrity. 
 
Cellularity and Cell cloning provide information about the tissues health, and show 
some trends when plotted against the normalized absorbance units at 6040cm-1 
(absorbance units divided by sample thickness). Human cartilage samples with 
normalized absorbance units below 0.34 have a cell cloning score range 1-3; and 
those with normalized absorbance units above 0.34 have a cloning score above 3 
(Figure 63). Similarly, at 6040cm-1, human cartilage samples with normalized 
absorbance units below 0.32 have a cellularity score between 0-1.66; and those with 
normalized absorbance units above 0.34 have a cloning score range of 1.66-2.66 
(Figure 64).  
 
143 
 
 
Figure 63 Cell cloning scores plotted against normalised NIR absorbance units at 
6040cm-1 
 
 
Figure 64 Cellularity scores plotted against normalised NIR absorbance units at 
6040cm-1 
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pannus coupled with early pannus elsewhere in the sample, therefore did not fit 
within the early or severe pannus groups. At wavenumber 5790cm-1, samples with 
normalized absorbance units below 0.67 exhibit moderate to severe pannus with an 
area score of 6-12, and those above 0.87 exhibit early to moderate pannus with an 
area score of 4-8.  
 
7.3 Concluding remarks 
The objective of this chapter was to re-categorise NIR absorption spectra of human 
articular cartilage to histological parameters with the addition of a pannus parameter, 
in order to provide a more meaningful correlation between histological grading and 
NIR by incorporating a parameter for the collagen network. The following outcomes 
were achieved: 
 NIR absorption spectra can be divided into 5 bands, representing different 
manifestations of cartilage health 
 Thickness and pannus severity appear to show better correlation with NIR 
absorbance than the other cartilage parameters 
 When thickness is normalized, cellularity and cell cloning show a correlation 
to NIR absorbance 
 
While trends have been identified here between histological grading and NIR 
spectroscopy, it remains to be seen if the new histological grading system and NIR 
assessment (based on histological grading) can be applied successfully. 
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8 Application of new histological and clinical 
cartilage assessment tools 
 
8.1 Introduction 
Cartilage degeneration may develop in response to structural and mechanical insults 
to ligaments and the joint capsule (Lahm et al., 2004, Bobinac et al., 2003, Yeow et 
al., 2009), and/or biochemical mechanisms within the joint (Heinegard et al., 2003). 
The degeneration is influenced by age (Meachim, 1982), weight (Madsen et al., 
1997), environmental (Dykgraaf et al., 2008) and hereditary (Felson et al., 1998) 
factors. Consequently, OA and its related disorders are considered a diverse group of 
degenerative conditions, a factor that is often overlooked when cartilage damage and 
degeneration is categorically quantified as a single grade or total score.  
 
The sheep model provides us with an extensive view of the wide variation seen in 
cartilage degeneration and is considered to share some anatomical and 
biomechanical similarities to the human knee (Armstrong et al., 1995, Bellenger and 
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Pickles, 1993, Burger et al., 2007). The human cartilage samples provide later stage 
examples of repair and degeneration, including pannus-like tissue, which enables 
further examination of this tissue type. A new histological grading approach is 
proposed though the examination of ovine and human tissue, along with 
recommendations for its use and modifications. While we propose a new histological 
method below, this approach is not intended to supersede previous methods, but 
rather demonstrate a new approach to using and analysing pre-existing well-
established methods, with or without the additional pannus grading. This chapter 
presents these findings and an application of a new histological approach.  
 
8.2 Human versus sheep models 
Large and varied manifestations of cartilage degeneration are observed in both 
human and sheep models. The sheep models ranged in age from 1 to 4 years, 
whereas the human cartilage ranged from 69 to 89 years. This broad age range may 
have led to differences observed in severity of degeneration, that is, human cartilage 
exhibit mostly mid to late stage degeneration, whereas sheep cartilage show the full 
spectrum of ‘healthy/normal’ through to total loss of cartilage. This large variation in 
sheep cartilage degeneration was achieved through the varied surgical models to 
create a broad spectrum of degeneration and hence test the ability of the histological 
grading system to distinguish different manifestations of cartilage changes.  
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The occurrence of clefts without concomitant damage was only seen in sheep 
cartilage. This appears to be the only ‘acute’ characteristic that may be caused by a 
one off blow, and therefore not expected in cartilage that has withstood decades of 
use and possibly misuse. Similarly, most of the human cartilage exhibited 
fibrillation, whereas the sheep models showed much less fibrillation, and was usually 
localized. This is again attributed to age and duration of joint damage. All other 
combinations of surface irregularities (Figure 66), cell changes (Figure 67 and Figure 
68), proteoglycan loss (Figure 69), and pannus (Figure 70) are observed in both 
human and sheep cartilage. Therefore operated and non-operated sheep articular 
cartilage appears to be a good model for degeneration observed in human cartilage. 
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Figure 66 Ovine and human samples show similarities in increasing surface 
irregularity damage (A1-2 to D1-2) 
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Figure 67 Ovine and human samples show similarities in cellularity: hypercellularity 
(A1-2, B1-2), hypocellularity (B2, C1-2) 
151 
 
 
Figure 68 Ovine and human samples show similarities in cell cloning: doublets (A1-2, 
B1-2), triplets (A1-2, B1-2), cell nests (C1-2). 
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Figure 69 Ovine and human samples show similarities in increasing Safranin-O loss: 
(A1-2 to E2) 
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Figure 70 Ovine and human samples show similarities in pannus: increasing mottling 
(A1-2, B1-2, C1), severe pannus through entire depth (D1, C2) 
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8.3 A new histological grading approach 
The proposed new histological grading system is presented in Table 8.  
 
Table 8 New Histological Grading System 
Category Subcategory Score 
Surface Integrity Normal 0 
 Slight surface irregularities 1 
 Moderate surface irregularities 2 
 Severe surface irregularities 3 
 Clefts to transitional zone 4 
 Clefts to radial zone 5 
 Clefts to calcified zone 6 
 Fibrillation and/or loss to transitional zone 7 
 Fibrillation and/or loss to radial zone 8 
 Fibrillation and/or loss to calcified zone 9 
 Loss to subchondral bone 10 
Cellularity Normal 0 
 Localised slight increase &/or decrease 1 
 Localised moderate increase &/or decrease 2 
 Globalised severe increase &/or decrease 3 
 No cells or appearance of cell foam 4 
Cell Cloning Normal 0 
 Several doublets 1 
 Many doublets 2 
 Doublets and triplets 3 
 Multiple cell nests 4 
Safranin O Staining Normal 0 
 Slight reduction 1 
 Reduction in radial zone 2 
 Reduction in interterritorial zone 3 
 Only present in pericellular matrix 4 
 No staining  5 
Pannus Normal 0 
 Mottling, first sign of rarefaction in surface 1 
 Rarefaction in transitional zone 2 
 Rarefaction in radial zone 3 
 Rarefaction to calcified zone 4 
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This method provides a fast, clear and concise method for grading the individual 
histological parameters of cartilage health, with the option of adding the scores for a 
total score. Furthermore, it is recommended that for greater accuracy in reporting on 
cartilage health or calibrating/validating a new method or assessment tool, that 
staging be implemented to show the horizontal spread of repair or damage to the 
tissue. Histological grading generally focuses on the top down progression of 
damage, which can be multiplied by an increasing number to represent its lateral 
spread. An example of this can be seen in Chapter 6. 
 
8.3.1 Surface integrity 
The surface integrity parameter has remained the same; however important trends 
are shown with the linearity of cleft formation that may require further investigation. 
That is, many clefts observed in the sheep models are absent of concomitant damage 
from the other histological parameters of cartilage degeneration. The implication is 
that these samples did not follow the linear path of degradation, i.e. they did not 
begin with surface irregularities, and then cleft development. This may be important 
for studies that are interested in degeneration caused by chronic wear and tear as 
opposed to acute impact damage.  
 
The delineation between slight, moderate and severe surface irregularities, as well as 
that of increasing cleft depth is subjective and can lead could lead to inter-observer 
variation. This is due to the great variation in cartilage thickness, and therefore the 
depth each of the cartilage zones. Furthermore, clefts and fibrillation (finger like 
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projections on the cartilage surface) could appear quite different on a thick sample, 
when compared to a thin sample, even though the height of the fibrillar projections 
may be the same. 
 
 
Figure 71 Surface Integrity Parameter for trichrome stained cartilage (human and 
ovine) 
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The cellularity parameter was therefore altered to incorporate the localized changes 
between hypercellularity and hypocellularity to better reflect the observations seen in 
ovine and human tissue, and to decrease the subjectivity caused by attempting to 
determine if there are more or less cells than the ‘normal’ in a given sample, from a 
given location, species, weight, age and other genetic and environmental factors. 
 
8.3.3 Cell cloning 
Despite the higher proportion of later stage cartilage damage and OA, all levels of 
cell cloning are identified, from normal cells through to multiple cell nests (Figure 
73). This parameter in the modified grading system is sufficient in its current form to 
reflect these observations. However, knowledge of topographical variations in cell 
orientation across various locations in the knee is recommended to avoid false 
positive scoring of cells close together that appear to be doublets. Even without the 
knowledge of these particular trends, the appearance of paired cells throughout an 
entire section without any other cloning variations may in fact be ‘normal’ cell 
orientation for a particular area. 
 Figure 73
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Figure 74 Safranin-O Parameter for trichrome stained cartilage (human and ovine) 
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8.3.5 Pannus-like tissue 
Pannus-like tissue is observed here in all forms including fibrous type and vascular 
type tissue, and ranging from very early signs through to complete disorganization of 
tissue as denoted by the histological appearance of rarefaction in the matrix. These 
were evident in human and ovine tissue, and from cryosectioned and wax embedded 
histological preparations. All stages of pannus-like tissue are observed in 
conjunction with most scores in the other 4 parameters, indicating that pannus is 
somewhat independent of changes to the other parameters. However, since the 
appearance of rarefaction (uneven thinning of the tissue) in the histological sections 
is largely attributed to collagen realignment and aggregation, the cells and 
proteoglycans are expected to be affected through reorganization, possibly allowing 
the proteoglycans to escape or be trapped.  
 
The extent of pannus grading can be further extended to include staging (horizontal 
spread of pannus), and severity of pannus based on increasing collagen aggregation 
(early, moderate and severe). 
 Figu
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Figure 76 Variability of individual parametric scores within total new histological 
grading system score (different shades represent different concatenations/combinations 
of individual scores making up a total score). 
 
The addition of the Pannus parameter is directly representative of the health of the 
collagen meshwork, and now balances the weighting of the structural components of 
the grading method (surface integrity and Pannus), and the biochemical components 
(cellularity, cell cloning and Safranin-O staining) to contribute a total score of 14 and 
13 respectively. 
 
The new grading method removes some of the guess work out of determining 
cellularity health by focusing on observable localised changes within a section, 
increasing to clear global changes in cell distribution. Furthermore, it provides the 
addition of pannus as a new parameter. Figure 77 shows a range of ovine histological 
sections of articular cartilage varying in their manifestations of repair, degeneration 
and OA, and exhibiting varying signs of pannus-like tissue. Table 9 provides 
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corresponding original Modified Mankin histological scores and new scores for the 
images in Figure 77.  
 
Figure 77 Histological images of ovine articular cartilage (A-F) 
 
Table 9 Corresponding original and new Modified Mankin Scores for Figure 77. The 
order of scores is (1-2-3-4-5): surface integrity – cellularity – cell cloning – safranin O – 
pannus. Changes made in the new score are highlighted in red. 
Sample Original Score Original Total New Score New Total 
A 1-1-1-3 6 1-1-1-3-3 9 
B 5-2-3-4 14 5-3-3-4-1 16 
C 7-1-3-3 14 7-1-3-3-4 18 
D 7-1-1-2 11 7-1-1-2-4 15 
E 4-1-1-2 8 4-3-1-2-4 14 
F 7-2-4-5 18 7-3-4-5-4 23 
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The cellularity score has changed in some of the histological sections to reflect the 
change in localised and globalized increases and decreases in cellularity. Figure 77-E 
was originally scored a 1 for cellularity, as the original method included 
hypercellularity as a score of 1 only, where increasing score reflected more extensive 
hypocellularity. We anticipate that this new method reduces subjectivity by focusing 
on localised changes in both hypercellularity and hypocellularity, based on 
observations made across over 1400 histological samples from human and ovine 
cartilage. This takes away the guess work involved in deciding if a cell distribution is 
normal, which is highly variable and dependent upon location on the joint, age, 
species and other genetic and environmental factors. 
 
While pannus-like tissue was mentioned in the original Mankin score and the 
OARSI combined scoring as a minor addition, pannus was not included in the 
original Modified Mankin scoring of ovine tissue in this work. The addition of this 
parameter therefore creates new information for the first time about the health of the 
collagen network. If using a total score, the addition of pannus will now even out the 
structural and biochemical components of the scoring system. The new scoring 
presented in Table 9 implements the scoring of pannus outlined in Table 8. However 
to further distinguish between the samples, horizontal staging can be used. For 
example Figure 77-C,D,E&F has been scored 4 for pannus, since there are signs of 
rarefaction to the calcified zone. However it is clear that the pannus in Figure 77-C is 
more localised than in Figure 77-D,E&F. The pannus score could therefore be 
multiplied by the area spread of pannus (Table 6) for more accurate grading of the 
total histological section.  
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8.4.1 Human Cartilage health prediction based on NIR spectrum 
Histological images of each cartilage sample were scored and measured to determine 
their likely corresponding band within the NIR spectra (Table 10). Samples were not 
easily categorized into each of the bands due to: the large overlap in individual 
histological scores described for each of the bands, and; individual samples 
displaying parametric scores from more than one band. The histological images were 
again examined, alongside the individual histological scores to predict the most 
likely NIR spectral band for each cartilage sample. Cartilage samples exhibiting 
parameters across both band 0 and band 1 were assigned a (+) or (-) to represent a 
closeness to the band above or below. NIR spectral absorbance values at 5790cm-1 
were then identified to determine the actual band location for each of the cartilage 
samples (Table 11).  
 
Based on the histological scores and images, NIR predicted the band for cartilage 
samples with 68.4% success. Taking into account the samples that exhibited features 
from both bands, and rounding them based on the assigned (+) or (-), success in 
prediction is increased to 84.2%.  
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Table 10 Cartilage samples and corresponding NIR spectral absorbance values at 
5970cm-1, individual histological scores, and thickness (mm). Samples highlighted in 
red fall within band 1, and yellow fall within band 0. Grey shading indicates 
histological scores that fall outside of the categorized band histological scores. 
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H004 A1 0.5999 1.5 1.33 2.33 1 1 
moderate 
1.8 
H004 B18 0.60919 7.67 1.67 4 3.33 1.5 
early 
1.0 
H004 A7 0.61468 7 1.33 4 2.67 1.5 
early 
2.8 
H002 F2 0.63850 8 2 4 3 3.5 
early 
1.4 
H004 A4 0.66219 2.67 1.67 4 2.67 2.5 
severe 
1.6 
H004 A8 0.66993 2.67 2 4 2 2.5 
early 
1.5 
H002 B2 0.67754 7 1.67 3 3 6 
severe 
3.0 
H004 C21 0.70697 7 1.33 4 2 5.5 
severe 
1.9 
H004 A11 0.73685 7.33 1.33 4 2.67 4 
moderate 
2.5 
H004 A9 0.74901 7 1.67 2.33 2.67 2 
early 
2.5 
H002 B1 0.75510 4.33 1 3 2.33 4 
early 
2.6 
H004 A3 0.75662 7 1.33 3.67 2.67 4.5 
moderate 
2.5 
H004 B19 0.79514 7 1.33 4 3 3.5 
early 
1.6 
H003 B4 0.81013 7 1.67 3.67 3 3.5 
moderate 
2.5 
H003 B3 0.81966 7.33 2 3 2.67 4 
early 
3.0 
H002 B4 0.82654 7 2.33 1.67 3 2.5 
early 
3.0 
H002 F5 0.84634 7 2 0 2 4.5 
early 
2.1 
H003 B5 0.90247 7.33 1.67 2.33 2.67 6 
early 
2.4 
H002 F3 0.91298 8 2.5 1 2 9.5 
moderate 
3.0 
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Table 11 Band prediction and actual band. Grey shading indicates false prediction. 
Sample Band prediction  Actual Band 
H002 B1 0 0 
H002 B2 1 1 
H002 B4 0 0 
H002 F2 1 1 
H002 F3 1 0 
H002 F5 0- 0 
H003 B3 0 0 
H003 B4 0- 0 
H003 B5 0- 0 
H004 A1 1 1 
H004 A3 1+ 0 
H004 A4 1 1 
H004 A7 0 1 
H004 A8 1 1 
H004 A9 0- 0 
H004 A11 1+ 0 
H004 B18 1 1 
H004 B19 1+ 0 
H004 C21 1 0 
 
 
8.4.2 Sheep cartilage grading based on near infrared spectral 
bands 
The NIR spectral band grading parameters were applied to a selection of 6 normal 
sheep and 4 meniscectomised sheep to observe if this approach produced new 
information (Table 12). The scores indicate that the non-operated/normal sheep 
would potentially lie in similar bands in the NIR spectrum, and possibly lower, 
indicative of more degraded tissue than the meniscectomy group. However, cartilage 
thickness is significantly greater in the meniscectomy group compared to that of the 
normal group and NIR has been shown here and in previously published work, to be 
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significantly influenced by cartilage thickness (Afara, 2012). Furthermore, there is 
little loss in Safranin-O staining for proteoglycans in the meniscectomy group, 
suggesting that the chondrocytes have increased production of proteoglycans (in 
addition to increased thickness) in an attempt to repair the tissue.  
 
While pannus is more prevalent and severe in the meniscectomy group, the increased 
thickness influences the lower grade (representative of higher absorbance units in the 
NIR spectrum). Therefore, the attempt of increased thickness related repair of the 
meniscectomy cartilage group influences the NIR spectral band grading, despite the 
obvious increase in degradation evident from the Modified Mankin grading. It is 
anticipated that the predictive capability of cartilage thickness by NIR proposed by 
Afara (2012), could enable greatly improved specificity of the NIR spectral band 
grading and therefore grading of cartilage health by NIR spectroscopy. 
 
Table 12 NIR spectral band grading prediction for sheep models of degeneration 
 
N1 N2 N3 N4 N5 N6 M1 M2 M3 M4
apex 0 1 1 1 1 1 0 1 0 0
base 1 1 1 0 0 1 0 0 0 1
anterior 0 1 1 1 1 1 1 0 1 0
interior 1 1 1 1 1 1 1 1 0 1
posterior 1 1 1 1 1 3 1 1 1 1
anterior-medial 1 1 0 1 1 0 1 0 0 1
anterior-lateral 1 1 1 0 1 1 0 0 0 0
posterior medial 1 1 1 1 1 1 1 1 0 1
posterior-lateral 0 1 1 1 1 1 1 2 0 0
posterior medial 1 2 1 1 2 2 2 1 1 1
posterior lateral 1 1 1 1 1 1 1 1 1 1
interior medial 0 2 2 0 2 1 2 2 2 1
interior lateral 1 1 1 2 1 1 1 2 2 1
anterior medial 1 1 1 1 1 1 1 1 1 1
anterior lateral 1 1 1 1 2 1 1 1 1 1
TOTAL 11 17 15 13 17 17 14 14 10 11
Normal Meniscectomy
patella
femoral groove
femoral condyles
tibial condyles
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8.5 Concluding remarks 
The objective of this chapter was to demonstrate the application of the new 
histological assessment and NIR spectroscopy assessment of cartilage. The outcomes 
of this analysis were: 
 Pannus provides extra information about the collagen network in histological 
grading, which can further distinguish between samples that would otherwise 
have the same total score. 
 NIR has the potential for predicting the histological features of cartilage 
health 
 NIR spectral band grading is based on degraded human cartilage, however 
has been shown that it is possible to apply to animal models of degradation.  
 NIR prediction of thickness will be an important factor in distinguishing 
between cartilage that is of normal healthy thickness, and that of cartilage 
that has increased thickness due to joint damage, indicated by severe pannus. 
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9 Discussions and Conclusions 
 
The scientific question addressed in this thesis is whether it is possible to adapt 
histological grading for clinical assessment of cartilage health. In an effort to answer 
this question, it was hypothesised that histological grading systems can be adapted 
for treatment by relating regions of the NIR absorption spectrum of human articular 
cartilage to histological parameters, to move them from the current position of purely 
laboratory application. The philosophical aim, therefore, was to determine whether 
or not histological grading can be adapted for treatment applications, and if possible, 
how this can be done to a high degree of accuracy and confidence. 
 
 In order to facilitate this aim, a number of objectives were addressed, and 
subsequent outcomes and new knowledge created. The first objective was to re-
evaluate the Modified Mankin grading system with specific and detailed analysis of 
individual histological parameters. In order to demonstrate the potential of adapting 
histological grading as a non-destructive, real-time assessment tool, a rigorous 
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investigation was first performed on histological grading to choose and potentially 
modify an appropriate method for the identification of changes to the cartilage 
network and associated components relevant to NIR characterisation. The Modified 
Mankin Grading method was chosen due to its ability to score individual histological 
parameters, and provide a large range of increasing levels of degeneration.  
 
An important discovery of this analysis is that individual parametric scores enable 
identification of different manifestations of cartilage repair, degeneration and OA. 
Results of this study show that the Modified Mankin histological grading method 
appears to be capable of identifying different manifestations of cartilage damage and 
degeneration through observation of the individual parametric scores, that is, 
structural integrity, cellularity, cell cloning and loss in proteoglycan staining.  
 
Analysis of the individual parametric scores in the four sheep joint injury models 
used creates a spectrum of joint damage and degeneration. The results show that a 
total score can indicate a level of destruction that has occurred, however it does not 
necessarily reflect the contribution of different components of cartilage damage, 
repair and degeneration and more importantly, the asymmetric nature of the 
development of the OA condition, unless the individual parametric scores are 
consulted. For example, a total score of 11 represents a moderately high level of 
cartilage degeneration, however consultation of the individual parametric scores 
indicates that this total score may represent: a specimen with deep clefts (deep 
damage), severe surface irregularities (surface damage) and some proteoglycan loss 
(matrix degeneration); or it could represent a specimen with extensive cellular 
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changes and proteoglycan loss (damage and degeneration involving both cellular and 
matrix changes). This variability in disease manifestation is evident at every level of 
degeneration/total score. 
 
Analysis of the individual parametric scores further enables potential insight into the 
different disease manifestations resulting from different OA models. The 
meniscectomy group displays more severe damage to the surface integrity, 
cellularity and cell cloning parameters, however exhibits lower proteoglycan loss. 
This supports the findings that proteoglycan levels fluctuate greatly in health and 
repair (Burton-Wurster et al., 1993), and likely increase in concentration in damaged 
cartilage. This could lead to a temporary decrease in the total score as proteoglycan 
levels increase until damage is too extensive and proteoglycans are irreversibly lost. 
This could result in a difference of 5 points in the total score, which may or may not 
be significant in later stage cartilage degeneration.  
 
By analyzing the individual components of the histological grading method, we were 
able to determine that cellularity score may be modified for less subjectivity. 
Cellularity scoring is denoted by the change in cell concentration and distribution in 
a sample. However, as can be seen in these results, the ‘normal’ concentration and 
distribution of all cartilage constituents can vary greatly between locations and even 
the same location in different individuals. It is therefore difficult to determine if the 
cellularity is normal or abnormal. To overcome this, changes were determined based 
on the observable changes in cellularity within each sample. That is, whether there 
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were localized changes in the cellularity. This aspect of the grading system was 
therefore considered for modification. 
 
Cellularity also displays localised trends in distribution observed in specific 
locations in the knee joint. The implication of this is twofold. First, without the 
knowledge that cell distribution is dependent upon location, genetic and 
environmental factors, samples may be scored as having an abnormal distribution. 
However these factors result in a large variety of cellular distributions, and therefore 
the question of what constitutes normal/healthy cell distribution is not 
straightforward. Second, the ‘paired’ cellular distribution commonly observed in the 
femoral groove can look similar to cell cloning doublets. While the differences are 
subtle, knowledge that cells in this location have these mirrored chondron patterns 
allows for more accurate grading.  
 
Another feature of the grading method that is evident through the analysis of 
individual parameters is that clefts are a non-linear feature of surface integrity score. 
Mankin style grading methods score surface integrity as an increasing degenerative 
condition starting with surface irregularities, developing into clefts and finally to 
fibrillation. Focus on surface integrity scores between 4 and 6, representative of 
clefts, reveals that clefts may occur as: a chronic development following on from 
surface irregularities, presenting as surface irregularities in addition to a cleft(s); or 
as an acute condition where the surface is smooth apart from the presence of a 
cleft(s). Scoring of clefts, therefore, appears to be a non-linear feature of the grading 
method in recent acute injuries. The OARSI cartilage osteoarthritis histopathology 
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grading system (Pritzker et al., 2006) does not consider clefts into the superficial 
zone as a true sign of OA and are therefore excluded from grading without 
concomitant damage to other grading parameters, or the appearance of other surface 
irregularities. In light of these findings, the nature of clefts requires further 
consideration when analysing histological grades of articular cartilage.  
 
Pannus is another parameter that was featured as a non-linear contributor to the 
original Mankin method, although under-represented according to findings here. 
Pannus-like tissue is identified in many of the cartilage samples here, ranging from 
localized plaques on the damaged surface of native cartilage, through to disorganized 
textural appearance throughout the cartilage. While this is not included in the 
Modified Mankin method used in the first phase of this thesis, the original Mankin 
method (Mankin et al., 1971) combined pannus with surface irregularities to score 2 
out of the possible 6 for ‘structure’. Furthermore, the OARSI categorical grading 
method includes the appearance of oedema, reflected by focal rarefaction and 
condensation of collagen fibrils when apparent in the articular surface (grade 1), in 
the mid-zone (grade 3) and adjacent to deep fissures (grade 4).  
 
The above trends in results highlight the importance for a clinical tool capable of 
assessing cartilage health below the articular surface. The occurrence of extensive 
cellular/proteoglycan changes with surface irregularities apparent as surface 
roughening only (no cracks or fibrillation) are observed to score up to a total of 14 
out of 23, which, when considered as a total score alone, may be termed severe OA. 
This form of degeneration may be undetectable using current 
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macroscopic/arthroscopic assessment tools. Specimens exhibiting surface 
irregularities with only minor proteoglycan loss are observed to score up to a total of 
8 out of 23. While this is a moderate to high score, surface irregularities and 
fibrillation are more likely observable through arthroscopic examination; however 
cracks and crack depth may not be visible. Visually normal cartilage is not 
necessarily healthy (Heinegard et al., 2003), as is supported here. Arthroscopic 
examination, therefore, may not provide a true indication of the cartilage health at a 
focal lesion and cartilage surrounding the lesion, and may, in fact, overlook cartilage 
that may otherwise be deemed histologically severely degraded. 
 
In its current form, the Modified Mankin histological grading method provides an 
excellent tool for the assessment of cartilage health in the laboratory. However, 
based on the findings from the animal models of OA, changes were made for the 
purpose of adapting histological grading for surgical assessment via NIR, which 
characterizes structural networks. This included changes to: 
 Cellularity  - based on more localized changes to cell number and distribution 
 Pannus – a possible histological indicator of collagen network health 
 Total score – instead use the individual scores to correlate individual 
networks and cellular changes to NIR 
 
It was anticipated that by correlating the individual histological parametric scores to 
NIR, it may be possible to identify the networks and other cartilage constituents 
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defined by histological grading that NIR may be sensitive to, including the potential 
of a new collagen network parameter, which is a major network in cartilage.  
 
To explore the potential of adapting histology to a clinical grading method, NIR 
measurements were taken from human cartilage of varying health. Analysis of the 
original Modified Mankin method and NIR absorbance spectra demonstrates that 
lower absorbance units in the range 6040 – 5440cm-1 wavenumbers are associated 
with later stage cartilage degeneration. This damage is expressed through increased 
cellularity/disorganization of cells, cell cloning and extensive Safranin-O loss. 
Cartilage samples exhibiting higher absorbance values, expressed the full range of 
health and degeneration observed in this work. Therefore, the extension of the 
Modified Mankin method as a non-biopsy, real time assessment tool, allowed for the 
determination of cartilage samples with low absorbance values to exhibit later stage 
cellularity, cell cloning and Safranin-O, but could not differentiate between samples 
with higher absorbance values. 
 
The lack of correlation between surface integrity and NIR absorbance could be 
attributed to the method of NIR testing implemented in this study. The NIR probe 
was lowered to the surface of the cartilage so that it was in contact with, but not 
compressing the surface. Saline was then pipetted onto the cartilage surface to keep 
it moist during testing. By gently resting the probe onto the surface of the cartilage, 
the soft fibrillated tips are expected to have been pushed down to form a smoother 
surface, thus eliminating the gaps between the fibrillated fingers. It is therefore 
recommended that the probe be fitted to a special adapter that sits a small specified 
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distance below the probe, allowing the space directly below the probe to sit above 
the cartilage surface and allow the fibrillated tips to remain unaltered. Alternatively, 
arthroscopic examination of the surface integrity could be used concurrently with the 
scoring of the NIR parameters based on histology to provide a holistic representation 
of the cartilage health. 
 
The Modified Mankin method does not provide a category for changes to the 
collagen network other than cracks and fibrillation. The results above suggest that 
NIR does not show a clear correlation to surface integrity. However, pannus is 
prevalent in the animal models in this thesis, and appears to show patterns similar to 
the Benninghoff arcade. Pannus was therefore explored as a new potential to 
histologically represent the collagen network, and provide better correlation to NIR, 
since NIR characterizes structural networks.  
 
To determine if histological pannus-like tissue observed through light microscopy is 
directly related to collagen reorganization/destructuring, cartilage samples displaying 
various signs of pannus were analysed using Second Harmonic Generation imaging. 
Cartilage exhibiting pannus-like tissue appears to generate an overall weaker SHG 
signal than non-pannus-like tissue (smooth histological appearance), however 
generates a much stronger localised SHG signal in the form of streaks. An organised 
network of collagen molecules generates a strong signal, influenced by the common 
directionality of neighboring fibres (Yeh et al., 2003, Brockbank et al., 2008). A 
redistribution of collagen fibrils to form a disorganised structure leads to an SHG 
emission in every spatial direction, and hence a weaker signal (Werkmeister et al., 
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2010). The increased SHG signal in the form of streaks in the pannus-like tissue 
therefore suggests that a reorganisation of collagen has occurred, in the form of 
aggregation to create a directionally aligned intense fibrillar tangled bundle. As 
fibrils cross link to form larger bundles, they migrate closer together, leaving gaps in 
their previous location, resulting in weaker SHG signals between the ‘streaks’ or 
aggregated collagen bundles. 
 
The above changes observed to pannus-like tissue are also accompanied by 
associated cell and matrix changes. The PCMs located directly beneath the integrated 
fibrous tissue are seen to emit a much stronger SHG signal than other observed 
PCMs, indicative of a higher concentration of collagen in this region (Werkmeister 
et al., 2010). This suggests that the chondrocytes may have secreted new collagen 
and or the fibrils may have aggregated within the PCM, in an attempt to repair the 
damaged cartilage directly adjacent. This is not observed in cartilage with a distinct 
line between normal and pannus-like tissue in this study. A high level of Safranin-O 
stain (indicative of high proteoglycan levels in the cartilage) further support the 
attempt of the chondrocytes to repair the tissue through secretion of matrix.  The 
‘streaking’ appears less defined than in other cartilage sections, perhaps due to the 
early nature of the damage, or other idiosyncratic differences in environmental 
factors. 
 
The mottling effect of the Safranin-O and Fast Green stains appear indicative of 
reorganization of the collagen fibrils, and consequently the proteoglycans, as 
indicated by the Safranin-O stain. This effect appears to follow the directionality of 
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the collagen fibrils throughout the cartilage zones, better known as the Benninghoff 
arcade (Benninghoff, 1925). The mottling effect is also commonly observed near the 
articular surface in otherwise healthy cartilage, and in the regions directly beneath 
pannus tissue, suggesting that this appearance is a pre-cursor or early stage of 
pannus-like tissue.  
 
Chondrocytes within and around the pannus-like tissue are observed to appear either 
as: a localised infiltration of possible progenitor cells known to reside in the 
superficial cartilage surrounded by localised hypocellularity; or as localised 
hypercellularity denoted by cell nests, surrounded by localised hypocellularity. As 
pannus severity increases, cellularity appears to become more disorganised, no 
longer following the Benninghoff arrangement of the collagen network. This may be 
due to the rearrangement of the collagen architecture, and/or migration of the cells. 
 
It is apparent from the various concomitant changes in the cells and matrix 
associated with pannus formation, that pannus manifests in a variety of forms. 
Pannus-like tissue in cartilage has been described as either a fibrous type or vascular 
type, defined by: an integrated tissue, hypocellularity and absence of blood vessels; 
versus a distinct border between normal and pannus, hypercellularity, and presence 
of blood vessels in the cartilage (Shibakawa et al., 2003). Histological images 
observed here do not show a clear cut distinction between these two categories. All 
of the above parameters are seen to occur in different combinations, rather than the 
two types suggested in a small number of published studies.  
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A possible cause of the distinct line between smooth and rarefied texture exhibited in 
some cartilage, may be attributed to the recoiling, pulling, bunching and 
delamination of the surface layer. This may be due to changes in the load 
redistribution mechanisms of lateral flow caused by nearby fibrillation or crack(s) 
and the subsequent change in hydration of the tissue layers, accentuated by increased 
fibril aggregation. The interconnectivity of the fibrillar network greatly determines 
the load response of cartilage; therefore it may be important to explore in future 
studies: the different manifestations of pannus-like tissue with respect to the bio-
mechanical environment based on location in the joint. An investigation such as this 
may further be enhanced by the use of an adapted histological grading tool enabling 
non-biopsy, real-time investigation.  
 
The results here suggest that pannus-like tissue develops at different rates to the 
other four histological parameters, and is largely characterized histologically by 
collagen fibril aggregation. The histological scores for all of the grading parameters, 
including pannus, tend to increase with increasing severity of degeneration; however 
they do so at different rates and often with some fluctuations or non-linearity. This is 
observed in this study in naturally degenerated human cartilage and in ovine injury 
models of cartilage degeneration. 
 
Pannus tissue contributes extra information regarding the health of the cartilage 
network, specifically the aggregation of collagen fibrils into large bundles. 
Furthermore, pannus tissue develops semi-independently of the four histological 
parameters: Structural Integrity, Cellularity, Cell Cloning and Safranin-O Staining. 
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Pannus was therefore included as a new parameter for NIR grading, and is further 
recommended to be included as a separate parameter in histological grading to 
directly represent destructive changes to the collagen network, thereby providing a 
more representative picture of OA degeneration in histological grading. 
 
Pannus has been shown, for the first time here, to be directly related to changes in 
the collagen network. NIR characterizes structural networks, and collagen is one of 
the major structural networks in cartilage, therefore it was anticipated that NIR 
would correlate to histological signs of pannus, improving the correlation of NIR to 
histological defined cartilage changes.  
 
The inclusion of pannus as a new histological scoring parameter introduces a direct 
assessment of collagen network health. This provides an extra dimension required to 
observe histological trends across the entire NIR spectrum. First, it was established 
that: 
 Cartilage samples exhibiting 100% severe pannus can be grouped into one 
specific absorbance band  
 Thickness appears to affect the NIR absorbance of human cartilage 
 The combination of these may further alter the spectrum.  
After observing these trends, we decided to return to the histological images alone 
(without NIR spectrum reference), and group them into a number of different 
manifestations of morphology and health. This created the 5 bands of cartilage 
health. 
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Based on the bands alone, and without histology, it is possible to estimate the 
general health of cartilage, based on the NIR spectral bands. Between wavenumbers 
6040 – 5440cm-1, NIR absorbance can identify cartilage health as follows: 
 High absorbance  
- (0.705-0.896): moderately healthy, thick cartilage with 
degeneration typically confined to the articular surface and 
interterritorial matrix. 
 Mid-range absorbance  
- (0.600-0.704): cartilage of varied health, exhibiting greater degree 
of manifestations of degradation from uniformly degraded thinner 
sections, to thicker sections exhibiting severe localized lesions. 
 Low absorbance  
-   (0.385-0.508): severe pannus, some surface loss, hypercellularity 
-  (0.310-0.326): extensive loss/fibrillation of cartilage surface to 
the lower radial zone 
-  (0.205-0.215): loss of cartilage to the bone 
 
The NIR assessment of cartilage can further be specified to determine individual 
histological parameters within each of the bands of the NIR spectrum, without the 
need for biopsy. Between wavenumbers 6040 – 5440cm-1, cartilage samples falling 
within the higher absorbance units can be distinguished by their cellularity and cell 
cloning scores. Within this spectral range, pannus is minor, and fibrillation extends 
to the intermediate zone of very thick cartilage. Therefore, there is not a great deal of 
structural changes occurring in this region. The distinction between spectra within 
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the higher absorbance region comes from the biochemical changes observed through 
changes in cell behavior, when absorbance is normalized by sample thickness.  
 
Within the mid-range absorbance units, samples vary greatly in thickness and all of 
the histological parameters. Pannus severity and area score demonstrate the only 
clear parameter to enable a distinction to be made between spectra within the mid-
region absorbance, when absorbance is normalized by sample thickness. The outliers 
observed in band 1 (red band) consist of thicker samples containing lesions, 
suggesting that NIR may be sensitive to localised lesions. The lower regions are 
clearly separated by severe pannus and extensive loss/fibrillation to the radial zone. 
This work therefore suggests that histological grading can be adapted for non-
destructive, real-time application in a clinical setting by relating regions of the NIR 
absorption spectrum of human articular cartilage to individual histological 
parameters. 
 
The addition of pannus to the histological grading system enables better correlations 
to be made with NIR absorption spectra. The NIR absorption spectra may be 
characterized into bands of cartilage morphology and health, representing changes in 
thickness, pannus severity, cellular changes, and proteoglycan staining. 
 
To demonstrate the application of the new histological assessment and NIR 
spectroscopy assessment of the cartilage histological tool, critical appraisal and 
analysis of the ovine and human histological sections has led to the proposal of a 
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new approach to the use and analysis of histological grading, as well as a more 
detailed and inclusive histological grading system.  
 
The newly proposed histological system is based on a Modified Mankin method and 
shows consistency with other pictorial scoring examples by experienced 
investigators (Figure 11, Figure 12, Figure 13, and Figure 14). Modifications to this 
method include pannus as a new parameter/category to directly represent changes to 
the collagen network, and a slight change and re-wording for the cellularity 
parameter. The remaining parameters satisfactorily describe repair and degenerative 
changes to the cartilage. The extra details and information retained and gained in this 
new histological grading system enable differentiation of cartilage degeneration and 
identification of degenerative collagen aggregation. These modifications and 
additions may also be applied to other histological grading systems.  
 
Pannus-like tissue contributed to a structural score of 3 in the original Mankin score, 
and as a minor addition in the OARSI combined scoring system. We have, for the 
first time here, discovered that pannus-like tissue is directly related to intense fibril 
aggregation of the collagen network, and so created more emphasis on the grading of 
pannus. Furthermore, while there is a relationship between pannus and the other 
histological parameters, pannus is observed to develop independently of the other 
parameters, and is therefore described as a new and separate parameter. The addition 
of this parameter therefore creates new information for the first time about the health 
of the collagen network, and now balances the weighting of the structural 
components of the grading method (surface integrity and Pannus), and the 
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biochemical components (cellularity, cell cloning and Safranin-O staining) to 
contribute a total score of 14 and 13 respectively.  
 
Despite the non-linearity of clefts in the surface irregularity parameter as observed in 
ovine samples, this is not observed in the human samples here, perhaps due to the 
chronic nature of degeneration. Acute cracks are observed in the ovine samples, 
possibly due to the injury induced nature of the damage and the shortened time frame 
allowed for degeneration to develop further; however cracks observed in humans are 
coupled with surface irregularities and often other parametric degradation, 
suggesting a more chronic condition. This is attributable to the age difference 
between the 1-4 year old sheep with induced injuries, and a lifetime of use in the 
humans aged 69 – 89. Since the use of the individual scores allow for identification 
of the nature of the surface integrity subcategory, this parameter has remained the 
same for this study as it allows for a full description of all observed changes to the 
surface structure of cartilage. Future work regarding the linearity of acute cracks in 
the structural integrity parameter may be important when considering treatment 
options following real time, non-destructive testing. Observations made here suggest 
that the initial surface integrity injury may begin with surface irregularities, or with a 
crack.  
 
The original Modified Mankin grading parameter for cellularity was based on an 
initial increase, followed by a general decrease in cell number. The difficulty 
encountered with this description, is in determining what the original or ‘healthy’ 
cell number looks like, especially when cartilage matrix and cells vary greatly 
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between location, individual, and species. Furthermore, cell number does not appear 
to solely decrease as degeneration severity increases. Final stages of osteoarthritis 
often resemble hypercellularity, possibly in the form of cellular infiltration. This is 
also observed in the ovine samples. The cellularity parameter was therefore modified 
to resemble the localized and globalised hyper- and hypocellularity observed in both 
human and ovine cartilage in early, moderate and later stage degeneration. 
Globalised hyper- and hypocellularity may refer to the occurrence of areas of 
increased cell number and decreased cell number side by side and throughout the 
entire cartilage section, or the occurrence of severe and disorganized hypercellularity 
or hypocellularity alone. This minimizes the largely subjective element of 
determining what is considered a normal number of cells in a cartilage section. 
 
The use of individual histological parameters has been shown in this work to 
increase the information about the health of a cartilage section. The addition of 
pannus as a stand-alone parameter now allows for the grading of degenerative 
changes to the collagen network in the form of collagen fibril aggregation. Changes 
to the cellularity parameter are anticipated to minimise the subjectivity caused from 
the broad range of cell concentration and distribution amongst samples.  
 
Despite the difficulties encountered in obtaining normal ‘healthy’ human cartilage 
we were able to show a variety of manifestations of degenerative cartilage and 
observe similar trends to the ovine models, of the individual parametric patterns of 
cartilage degeneration. Here we propose a new histological grading system that can 
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be adapted to provide the potential for non-destructive, real-time assessment of 
cartilage degeneration. 
 
Given the overlap of histological features within each of the bands, this thesis 
presents a simple prediction test to determine the success of NIR bands to represent 
key histological features in cartilage. There are clear trends in increasing band 
number and increasing cartilage deterioration. Decreasing thickness, increasing 
pannus severity and increasing cloning score are again seen to correspond to 
increasing band number. Over 64% of samples were successfully predicted, and a 
further 15.8% of samples were close to their predicted band.  
 
The great anisotropy in cartilage morphology gives rise to a very broad range of 
combinations of cartilage constituents, both in quantity and design (variations in 
cross-linkage, size etc). The results seen here suggest that histology can be adapted 
for application in the clinical setting by relating regions of the NIR absorption 
spectrum to the histological features of cartilage; however they are complex, and 
require further investigation into how the combinations of these features specifically 
affect the NIR spectrum. For example, thicker cartilage is associated with higher 
absorbance values (lower band number); however the addition of a severe pannus 
lesion appears to correlate to a lower absorbance value (higher band number). If this 
lesion was larger, and less severe, the absorbance value is expected to be higher than 
a similar sample with a smaller and more severe pannus lesion. This demonstrates 
the possible sensitivity of NIR to not just the size of a lesion, but the degenerative 
manifestation of the lesion. 
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The range of histological features within each of the NIR spectral bands is quite 
broad; however the combination of these parameters creates a description of 
cartilage samples within these bands. Future testing of ‘normal/healthy’ cartilage 
may expand band 0 or create a new band of ‘normal/healthy’ cartilage to include 
samples representing lower histological score. This could also enable a validation of 
NIR prediction of histological features.  
 
 
9.1 Concluding Remarks 
This work demonstrates the potential of adapting individual histological grading for 
non-destructive/non-biopsy, real-time assessment of cartilage health, by relating 
regions of the NIR absorption spectrum of human articular cartilage to individual 
histological parameters. Trends have been identified in the NIR spectrum to enable 
conclusions to be made regarding the cartilage thickness, cellular health and 
Safranin-O staining. Surface integrity does not show any correlation to the NIR 
spectrum here; however the identification of pannus as a direct histological indicator 
of collagen network health provides a new parameter with strong trends identified in 
the spectrum. 
 
Histological grading has been scrutinized in this work, and modified to improve 
specificity and minimize subjectivity. Furthermore, we have identified pannus as a 
histological indicator of collagen aggregation, and created a new parameter to 
include collagen, for the first time, into a histological grading method. Histological 
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grading remains the best method for describing and scoring the structural and 
morphological health of articular cartilage. Further research is expected to bring NIR 
spectroscopy and therefore virtual biopsies closer to the level of histological grading 
to eventually provide a non-destructive, real-time assessment of cartilage health for 
clinical application. 
 
The philosophical aim of this work is to demonstrate the potential of adapting 
histological grading for real time, non-destructive application. This assessment could 
enable different stages and manifestations of cartilage degradation and OA to be 
determined accurately and with the same level of information as would be gained 
from histological analysis, without the need for a biopsy. Ultimately, this type of 
assessment could form the basis of an approach that provides surgeons with a clear 
indication of the state of cartilage degradation at a focal lesion, and the extent of 
damage in the surrounding cartilage, to facilitate the decision for a specific treatment 
plan (Figure 79). Furthermore, by retaining the ‘gold standard’ total score Mankin 
method, while also containing the additional information proposed in this work, 
information obtained through this ‘virtual biopsy’ could be uploaded and shared in 
an Open Science medium, creating a database of information about cartilage health 
and degeneration that could aid in determination of commonalities, differences and 
peculiarities in cartilage health across different genealogical and cultural groups. 
This would expand the concept of the original Mankin histological grading method 
for information sharing.   
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Figure 79 Potential treatment benefits of adapting current histopathology ranking to 
include individual parameters containing information on the nature of degeneration. 
 
 
9.2 Future work 
Further research is required to validate the potential functional or clinical importance 
of the histological sub-categories and to assess the reliability and reproducibility of 
the individual parametric histological grading method. The Modified Mankin 
method applied here was chosen for its extensive breakdown of the individual stages 
of cartilage damage and degeneration in an attempt to represent all stages of the 
disease. Furthermore, biopsies were removed from fixed locations in the ovine 
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treatment groups, so lesions outside of these locations were overlooked and the 
significance of that is not yet known. The biopsies removed from human tissue 
utilized all of the available cartilage on the joints, including lesions and areas of 
good macroscopic health; however a larger sample size including ‘healthier’ 
cartilage is desirable to provide specificity for earlier stage degeneration. Since it is 
difficult to obtain large samples sizes of ‘healthy’ and early stage degenerative 
human samples, extensive animal models may need to be investigated in the next 
instance.  
 
Furthermore, while Mankin grading provides a gold standard assessment of cartilage 
health, histological grading still remains a subjective process. While every effort is 
made to reduce this through multiple histological graders, and blind re-grading, the 
element of subjectivity is still expected to extend to the newly adapted NIR 
assessment method. Since histological pannus can be directly correlated to collagen 
aggregation seen in second harmonic imaging, the collagen aggregation may be 
converted to a light intensity function and compared to NIR for objective 
assessment. Similar experiments may be applied to cells and confocal microscopy, 
and safranin-O and biochemical testing. These may further improve the specificity of 
NIR assessment to individual histological parameters of cartilage health that has 
been established in this work.  
 
Pannus is observed in a variety of cartilage degenerative conditions, and in a variety 
of forms. It may therefore be important to further explore different manifestations of 
pannus-like tissue with respect to the bio-mechanical environment based on location 
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in the joint, and mechanical testing to determine changes in stiffness in pannus 
tissue. This may further determine a more accurate grading of this tissue, as to 
whether severity is related to the spread of pannus, or the degree of collagen 
aggregation denoted by the increasing ‘pulled pizza dough’ appearance, or the 
integrated verses vascular/distinct line types of pannus. 
 
Future work including further extensive testing of human cartilage of greatly varied 
health and degeneration would greatly improve the accuracy and range of NIR 
assessment without the need for biopsy. Further idiosyncrasies of cartilage could be 
correlated to the results to improve NIR specificity by predetermining ranges of 
health for each location on the joint, species, etc. NIR testing of ovine injury models 
could also provide interesting insight into the specificity of the NIR spectrum. Ovine 
specimens were not measured with NIR here, since the ovine experiments were 
conducted in Canada, without access to a NIR spectroscope. Its omission however 
was deemed to not have any effect as it has already been established in other work 
that patterns of the NIR spectra are similar for most of the cartilage samples and only 
differ in specific values of the parameters extracted for characterization.   
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